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ABSTRACT

I studied grassland small mammal community ecology at UND’s Oakville Prairie, in
Grand Forks County, North Dakota summers 2018-2021. Specifically, I was interested in
small mammal richness and abundance, investigating their habitat associations,
investigating their phenotypic variation, and understanding their diets. I trapped small
mammals for five consecutive nights at the end of June to early July 2018 – 2021. I also
measured plant community composition and structure metrics. Over the four years, I
captured 985 individuals from 11 species. Species richness and abundance varied
spatially and temporally across the site. I most frequently captured meadow voles
(Microtus pennsylvanicus), mice (Peromyscus spp.), meadow jumping mice (Zapus
hudsonius), and masked shrews (Sorex cinereus). M. pennsylvanicus and Z. hudsonious
were associated with increased height and density plant structure. Peromyscus spp. was
associated with litter depth while S. cinereus was associated with increased height and
density of plant structure and total grass cover. During my trapping efforts, I captured
three M. pennsylvanicus and one deer mouse (Peromyscus maniculatus), which were
melanistic (e.g., black pelage). Observations of melanism of these species in wild
populations is rare and mine were the first recoded in the state of North Dakota for both
species. Finally, I compared small mammal omnivore and insectivore diets using a
metagenomic approach to amplify nuclear, chloroplast, and mitochondrial DNA within
the stomachs of 95 collected individuals. From this DNA sequencing, I document 823

xi

unique diet sequences the majority of which matched to the insect orders of Lepidoptera,
Diptera, and Coleoptera. Of the identified diet sequences, only seven sequences were
found in the diets of all six small mammal species. This could indicate these organisms
are a fundamental staple in northern small mammal diets. I also found low similarity of
diet sequences among individuals within a small mammal species. This suggests small
mammals are opportunistically foraging and are not persnickety when it comes to diet. As
grasslands continue to experience pressure from climate change and loss of connectivity,
my research adds to the understanding of how small mammals may adapts to grassland
change.
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CHAPTER 1

SMALL MAMMAL COMMUNTIES IN GRASSLANDS

Introduction to small mammal communities

Grassland loss and degradation have occurred on every continent (Gibson, 2009)
and remaining grasslands continue to be challenged by land use and climate change. Yet
grasslands continue to occupy the largest proportion of terrestrial biomes (Dixon et al.,
2014). Characterized as ecosystems dominated by herbaceous vegetation such as grasses
and forbs, remaining grasslands have been preserved or restored for the services they
provide, including serving as a source of forage for wild and domesticated livestock and
providing habitat for smaller wild animals. One such guild, which is an integral part of
grassland communities, is small mammals (< 300 g). Small mammals occupy multiple
trophic levels and are important indicators of ecosystem function. They consume plant
material, insects, arthropods, and small vertebrates and are thus primary consumers,
predators, and prey (Merritt, 2010). Small mammals are also prey for small carnivores,
raptors, and mesopredators (Delaney, 1974; Reich, 1981). Many small mammals are
ecosystem engineers and can alter plant community composition by reducing plant
richness and diversity through selective foraging (Howe et al., 2002, Frischknecht and
Baker, 1972, Gibson et al., 1990). However, more information is needed on their roles in
these ecosystems, especially regarding interspecies-specific interactions and speciesspecific ecology including their habitat and resource use. To this end, I studied the small
mammal communities of UND’s Oakville Prairie over a five-year period. I aimed to
1

elucidate habitat variables that influence the presence and absence of small mammal
species (Chapter 2), report on rare phenotypic finds (Chapter 3), and investigate diet
breadth and overlap among the most abundant species (Chapter 4).
Small mammal communities of the northern plains
In North American grasslands the presence of small mammals varies latitudinally.
On average, southern grasslands support the highest small mammal density (live
weight/ha) while northern grasslands support the least (Grant and Birney, 1979).
Similarly, small mammal diversity is often in higher in the southern grasslands compared
to the north. However, diversity values are typically low as small mammal communities
are often dominated by one or two species with other species occurring less frequently
(Grant and Birney, 1979). The most abundant species in northern grasslands are from the
families Cricetidae, Sciuridae, and Soricidae (Grant and Birney, 1979). While microtines
(family Muridae, subfamily Microtinae) often the most numerically abundant species
captured (LaFond, 2020, Iverson et al., 1967, Wiewel et al., 2007). The presence and
abundance of dominant species is often dictated by site vegetation characteristics.
It is well understood the presence and abundance of grassland small mammals
varies with vegetation structure (McCarty, 1978, Reich, 1981, George et al., 1986,
Kirkland and Schmidt, 1996, Merritt, 2010, Yarnell et al., 2007). The primary variable
influencing whether a small mammal uses part of a habitat is amount of available cover
(Kirchner et al., 2011, Birney et al., 1976). Cover is a broad term that equates to the
amount of shelter or obscurity vegetation provides a small mammal when viewed from
the side or above. Small mammals are thought to forage within vegetation, which
provides at least some cover (Cassini and Galante, 1992, Barnum et al., 1992). Cover can
2

be quantified in several different ways and studies most commonly include canopy cover,
vegetation live height, and litter depth. Herbivorous small mammals, which rely on
vegetation for food and nesting, are typically more abundant in areas with high canopy
cover and litter depth (Kaufman et al., 1990). Granivorous small mammals, which search
the ground for seeds, are typically found in areas that retain some canopy cover but have
reduced litter depth and increased bare ground (Barnum et al., 1992, Kaufman and
Kaufman, 1990).
Another plant community characteristic, which may influence small mammal
community composition, is the presence and abundance of nonnative plants. Nonnative
plant species are those found outside of their normal range (Rejmánek, 2000) and whose
introduction to native systems was either deliberate for the purpose of improving grazing
for livestock and soil retention (e.g. smooth brome, Bromus inermis; (Larson et al., 2001)
or accidentally like those thought to be spread by contaminated oat seed (e.g., leafy
spurge, Euphorbia esula; (Dunn, 1985). When nonnative plants are invasive, they can
displace native plants through mechanisms like earlier germination, faster growth, or
higher fecundity, which allows nonnative plants to consume available nutrients and other
resources before native plants (Wainwright et al., 2012, Pyšek and Richardson, 2008).
When part of a community, invasive non-native plants can reduce native plant diversity
and biomass (Levine et al., 2003, Dostál et al., 2013, Foster et al., 2021) and increase
litter depth that inhibits further seed germination (Mitchell et al., 2011). However,
nonnative grasses, which were planted as nutritious forage for livestock (e.g., Kentucky
bluegrass (Poa pratensis), cheatgrass (Bromus tectorum), crested wheatgrass (Agropyron
cristatum), and smooth brome), may also be nutritious for wildlife (Palit et al., 2021, Litt
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and Pearson, 2013, Looman and Heinrichs, 1973). For example, leafy spurge (Euphorbia
esula) seeds have been found in feces of white-tailed deer (Odocoileus virginianus), mule
deer (Odocoileus hemionus), and sharp-tailed grouse (Tympanuchus phasianellus)
indicating at least reproductive parts of this plant may be consumed by wildlife (Wald et
al., 2005).
With my studies I aimed to relate vegetation characteristics in a northern Great
Plains grassland to the occurrence of the most common species of small mammals
(Chapter 2). My findings supplement the extensive body of grassland small mammal
community work from the southern plains (Clark and Kaufman, 1990, Kaufman et al.,
1989, Kaufman and Kaufman, 2008, Matlack et al., 2008) and shed light on how small
mammals respond to vegetation structure in grasslands dominated by cool season grasses.
Phenotypic Variation in Small Mammals
While most studies consider small mammal occurrences within grasslands, we
need to recognize that individual ranges are often very small (substantially less than a
quarter section of land – 160 acres) and any given site has considerable within site
genetic and phenotypic structure in its small mammal populations. Nowhere is this more
apparent than with the occurrence of different phenotypes of many of the most common
small mammal species. Within wild small mammal populations, solid black or mostly
black individuals (termed melanistic) can occur (Hoekstra, 2006). This atypical
coloration results from an over production of eumelanin due to an absence of the Agouti
protein (Kingsley et al., 2009). Melanism has been reported in meadow voles in museum
specimens from the Smithsonian (Owen and Shackelford, 1942), and live captures taken
from Michigan (Blossom, 1942), and Alaska (Murie, 1934). Live captures of deer mice
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with melanism have been taken in New Hampshire (Horner et al., 1980), California,
Michigan, and Alaska (Kingsley et al., 2009). Melanism has also been documented in the
closely related prairie vole (Microtus ochrograster) in Washington (Mumford, 1964),
rock pocket mice (Chaetodipus intermedius) in Arizona and New Mexico (Nachman et
al., 2003), and tundra voles (Microtus oeconomus) in Yukon, Canada (Jung et al., 2009).
It is not understood why this mutation occurs in in some small mammals more often
(Sciuridae) than others (Cricetidae). These occurrences may indicate localized
environmental adaptive substrate matching (Jackson, 1994, Hoekstra, 2006) or a
mechanism to aid in thermal regulation (Walsberg, 1983, Fratto and Davis, 2011).
During my sampling I collected three melanistic meadow voles and one
melanistic deer mouse and report on their occurrences at Oakville Prairie in Chapter 3.
This effort to further document these color morphs is a first essential step for future
research efforts directed towards understanding the ecological significance of these
morphs in the Northern Plains.
Small Mammal Diets
In addition to understanding where we find the animals on the landscape and what
variations occur in them, we also need to characterize what they eat. Diet composition
and resource overlap among species is key to understanding ecological communities
(Martínez‐Gutiérrez et al., 2015). Many small mammals are similar in one or more traits
including habitat affiliation, parasites, body mass, diel activity, and trophic level of diet
(Moreno‐García and Baiser, 2021) and often there are multiple species within the same
dietary functional group (granivore, herbivore, insectivore, and omnivore) in small
mammal communities (Merritt, 2010). This suggests they could have relatively high
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overlap in diet components. However, diets of grassland small mammals are poorly
understood overall, and more information is needed about their prey consumption.
With this study I used genetic techniques to compare diets among the three most
common omnivores at Oakville Prairie (Chapter 4): deer mice (Peromyscus maniculatus),
meadow jumping mice (Zapus hudsonius), and Sorex spp., all of which may be
interspecies competitors for diet resources. Additionally, I compared the diet
consumption within and among four shrew (Sorex) species, which are difficult to
distinguish morphologically: pygmy shrew (Sorex hoyi), Hayden’s shrew (Sorex
haydeni), arctic shrew (Sorex arcticus), and masked shrew (Sorex cinereus). Because
these animals are relatively similar in size (Seabloom, 2011), are prey for the same
animals (Kirkland and Schmidt, 1996, Whitaker Jr, 2004, Long, 1974), host the same
external parasites (Whitaker and Schmeltz, 1973, Whitaker Jr and Pascal Jr, 1971,
Whitaker Jr and Cudmore, 1986), and are found in the same habitat (Brunet et al., 2002,
Hazard, 1982), it is plausible these shrews may also consume the same species of insects.
With climate change and habitat loss driving many grassland species to local extinction,
it is beneficial to determine if shrews from the same genus are distinct or overlap
regarding diet. My effort to identify the extent of diet breadth and overlap among small
mammal omnivores and insectivores (Chapter 4) provided additional valuable
information on interspecies-specific interactions.
In addition to assessing omnivore and insectivore diets, I also studied the diets of
the most common herbivore: Microtus pennsylvanicus (summarized in Chapter 5). As
with their omnivore and insectivore counterparts, herbivores selectively consume readily
available vegetation, which is easier to chew and digest, low in toxins, and high in
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nutrient quality (Merritt, 2010, Freeland and Janzen, 1974). Small mammal herbivores
are thought to selectively consume plants such as legumes (Lantová and Lanta, 2009,
Howe et al., 2006), graminoids (Howe et al., 2006, Stenseth et al., 1977), and geophytes
(Hobbs et al., 2007). Because of climate change increasing growing season temperatures
and decreasing precipitation, grasslands are projected to decrease aboveground net
primary productivity, aboveground biomass, and species richness (Wu et al., 2021, Liu et
al., 2021), which may further limit food availability to herbivores. Nonnative plants may
serve as a food source for herbivorous small mammals and Wald et al. (2005) suggested
dispersal of nonnative plants might be facilitated through rodent seed caching. Overall,
identifying plant species consumed by small mammals is an important, yet rarely studied,
aspect of plant-herbivore interactions (Soininen et al., 2009).
Through my efforts, I shed new light on an established grassland small mammal
community adding to the literature of what habitat variables they are selecting, how their
population varies spatially and temporally, and how they are sharing their resources
within the grassland habitat. Not only does this add to the understanding of small
mammal ecology, but also how small mammals may regulate processes, which are
important to plant communities, tie into spatial and ecological patterns within the greater
grassland biome (Cole-Wick et al., 2022, Assis et al., 2022, Harder and Cameron, 2022),
and aid in the prediction of vulnerability small mammals will have to climate change
within the predicted changes of grassland ecosystems (Bai et al., 2022, Jung et al., 2022).
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CHAPTER 2

SMALL MAMMAL HABITAT ASSOCIATIONS AT OAKVILLE PRAIRIE

Abstract
Small mammal abundance and distribution have been linked to vegetation structure, yet
there is evidence to suggest small mammal response to variables may vary spatially. This
study examines small mammal community structure and habitat associations species
frequently captured in a northern grassland summer 2018 and 2019. Species abundance
and small mammal community richness, diversity, and evenness were compared spatially
and temporally. Plant community environmental variables including cover, visual
obstruction, live height, little depth, plant species composition, bare ground, and soil
moisture were used to explain abundance of the most frequently captured species. I
captured 985 individuals for 11 species with captures and species richness varying
spatially and temporally indicating habitat features may influence distribution. The four
most frequently captured species were meadow voles (Microtus pennsylvanicus), deer or
white-footed mice (Peromyscus spp.), meadow jumping mice (Zapus hudsonius), and
masked shrew (Sorex cinereus) during the year of their highest captures. M.
pennsylvanicus was associated with increased cover while Peromyscus spp. was
associated with decreased litter indicating these species adhere to broad patterns
previously documented throughout North American grasslands. Inconsistent with
previous literature, Z. hudsonius was associated with reduced soil moisture and S.
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cinereus were not strongly associated with any of the measured habitat variables. These
results suggest temporal habitat variation may be influencing small mammal distribution
at multiple scales.
Introduction
Grassland small mammals depend on plants for food and shelter and are good
indicators of the ability of grasslands to support higher trophic levels (Avenant, 2011).
Plant community composition and structure varies widely at the landscape scale and
within a grassland because of interacting management strategies, environmental factors,
and invasive species (Gibson, 2009). Changes in plant cover, litter depth, proportion of
bare ground, plant diversity, and even soil moisture can affect the number and types of
small mammals (Grant and Birney, 1979, Yarnell et al., 2007, Churchfield et al., 1997).
However, the extent to which individual small mammal species respond to these metrics
is still unresolved within much of the northern North American grasslands. With the
continued loss of grasslands and the important ecological roles of small mammals, it is
important to understand how small mammals associate with these habitat features.
One of the primary aspects of plant structure small mammals respond to is
amount of plant cover (Kirchner et al., 2011), which is often divided into structure of the
canopy and litter depth. Plant canopy cover is typically measured two ways, the first is
termed cover and is used to record to what extent live and dead plant foliage obstructs the
ground when viewed from above (Richardson, 2010) while the second is termed visual
obstruction reading (VOR) and is used to record how high and dense (closely growing)
the vegetation is spatially arranged (Robel et al., 1970). Small mammals seem to exhibit
the same general response to either cover or VOR. Higher cover tends to support higher
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abundance of Microtus spp. (Peles and Barrett, 1996) whereas lower cover, such as what
happens when removed from fire, mowing, or grazing, tends to support higher abundance
of Peromyscus spp. (Kaufman and Kaufman, 2008, Kaufman et al., 1988, Schramm and
Willcutts, 1983). Invasive plants can increase cover and some invasive species, like
Lehmann lovegrass (Erogrostis lehmanniana), can provide superior cover when
compared to native species (Litt and Steidl, 2011). Small mammals, which have
responded positively to increased nonnative plant cover, include pack rats in southern and
southwestern United States and Mexico (Neotoma spp.), harvest mice found from
southern Canada to central America (Reithrodontomys spp.), and cotton rats found from
southern United States to northern South America (Signmodon spp.). Invasive plant
species can be problematic if they increase cover, especially for small mammals that do
not inhabit areas with increased cover (Mahood et al., 2021).
Grassland small mammals also respond in unique ways to litter depth (Litt and
Steidl, 2011). Plant litter in grasslands is the accumulation of dead plant material, which
has fallen to the soil surface. As litter increases, the amount of bare ground decreases.
Fire and invasive plants can affect the extent to which litter occurs through a grassland. In
fire suppressed grasslands, litter and other dead plant matter increase as time since
previous fire increases (Kaufman et al., 1990). Invasive plants can increase the litter
depth and rate of accumulation of litter due to high annual productivity (Mitchell et al.,
2011). Community composition of small mammals have been shown to change in
response to changes in litter depth (Kaufman et al., 1989). Specifically, in areas with
reduced litter, species that forage for insects and seeds (e.g., Peromyscus maniculatus,
Reithrodontomys megalotis) were found in higher abundance (Kaufman et al., 1989) and
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these species decreased or became absent as litter approached 10 cm deep. Areas with
moderate litter depth support the highest abundance of herbivores such as Microtus spp.,
likely because these animals maintain runways under the litter, which provides cover
from predators while still allowing access to grasses (Glass and Eichholz, 2021, Getz,
1970, Clark and Kaufman, 1991). High litter depth decreases all small mammal species
likely because it impedes seed and arthropod foraging for omnivores and insectivores and
suppresses the availability of new plant growth for herbivores (Glass and Eichholz, 2021,
Clark and Kaufman, 1991, Kaufman and Kaufman, 1990).
With Microtus spp. and Peromyscus spp. having the highest frequency in most
North American grassland studies, their habitat associations are better known than other
species, which comprise small mammal communities. Because of low capture numbers,
little is known about the importance of grassland cover to either Zapus spp. or Sorex spp.
Since Zapus spp. forage for seeds, a reduction in litter depth and an increase in bare
ground could promote seed foraging success (Kaufman and Kaufman, 1990). Compared
to other small mammals, North American Sorex spp. have few reports on habitat
variables that affect their occurrence. In an extensive Manitoba study, Sorex cinereus
(now divided into S. cinereus and S. haydeni) were predominantly found in wet and
mesic habitats including tall and mixed-grass prairie (Wrigley et al., 1979). S. arcticus
occurrence in grasslands has only been documented in areas with high soil moisture
including mashes and shrubs (Wrigley et al., 1979) suggesting soil moisture may be a key
habitat variable.
Spatial variation in plant species composition and structure can affect small
mammal presence and abundance (Foster and Gaines, 1991). With this study, I aimed to
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identify habitat variables that most strongly predict the abundance of grassland small
mammal species. I hypothesize species captured will be like other regional studies
(LaFond, 2020, Iverson et al., 1967) with meadow voles (Microtus pennsylvanicus)
having the highest abundance and greatest distribution (occurrence). Since grassland
plant community structure changes spatially and temporally, I hypothesized small
mammal richness will reflect these changes and vary spatially and temporally.
Specifically, since greater vegetation density should mean increased food availability,
cover from predation, and nesting opportunities, richness of small mammals will increase
with vegetation height and density (Birney et al., 1976, Richardson, 2010). I expect to
find a species-specific response to habitat variables. I hypothesized M. pennsylvanicus
abundance will increase with total cover, litter depth, and grass cover and decrease with
forb cover and plant diversity (Pearson, 1959, Getz et al., 2001). Meadow jumping mice
(Zapus hudsonius) will increase with litter depth, soil moisture (Morrison, 1990), and
shrub/woody cover (Trainor et al., 2007). Mice (Peromyscus spp.) will increase with
decreased litter depth and increased bare ground (Kaufman and Kaufman, 1990, Clark
and Kaufman, 1991). Finally, shrews (Sorex spp.) will increase in areas with higher soil
moisture and will not respond to changes in cover or litter depth.
Methods
Study Area
I studied small mammal communities at Oakville Prairie (hereafter Oakville)
located in Oakville Township, Grand Forks County, North Dakota, USA (Fig. 2.1).
Approximately 453 ha in size, Oakville (centroid latitude 47.893, longitude -97.315), is
part of the Grand Forks County grassland corridor. Historically, this region receives an
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estimated 51.1 cm of precipitation annually and has an average 131 – day growing season
(Hadley and Buccos, 1967, Whitman and Wali, 1975, Redmann, 1972). Most of Oakville
is relatively flat with an elevation gradient of 0.46°± 0.05° increasing from north to south
(Deal et al., in prep). Northern, low elevation areas tend to have seasonal and intermittent
wetlands (Hadley and Buccos, 1967) and higher salinity soils due to upwelling and
evaporation of surface water (Seelig, 2000, Deal et al., in prep, Redmann, 1972). Beach
ridges deposited as Lake Agassiz retreated provide topographic relief and provide the
only non-saline soils (Seelig, 2000). Plant species assemble along elevation, soil
moisture, and salinity gradients (Redmann, 1972). Broadly, communities dominated by
Salicornia rubra or Distichlis stricta occur in northern, low elevation areas with poor
drainage and higher soil salinity (Hadley and Buccos, 1967). Communities dominated by
Poa pratensis and Bromus inermis occur in more southern and higher elevation such as
those on beach ridges (Hadley and Buccos, 1967).
Oakville is divided into eight 49 – 80 ha management units (Fig. 2.1). Each unit
contains a grid of permanent sample points uniformly spaced 100 m apart (n = 229; Fig.
2.1). In 2014, fire was reintroduced to Oakville with a goal of maintaining a four-year
return interval for each unit. By 2018, fire had been applied once to six of the eight units
excluding a control unit, owned by North Dakota Game and Fish Department. Prescribed
fire was used sporadically on the site in the 1990s but had not been used with any
regularity in the previous four decades (Deal et al., in prep).
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Small mammal collection
I sampled small mammals between 20 June and 10 July annually from 2018 to
2021 at about 40% of the permanent sample points in each unit (n = 89.5 ± of 229 points
annually, Fig. 2.1). Using the previously established sample point established by Deal
(2014) as a centroid, I established a trap array where I placed four pairs of snap traps
(Victor ® M040 mouse traps, Woodstream Corporation, Lititz, Pennsylvania, USA) in
each of the four cardinal directions 10 m from the centroid. To avoid accidental trap
releases because of windblown plant material, I clipped a 0.5 m2 square area of
vegetation to 5 cm prior to placing each pair of traps. Within each trap pair, I baited one
trap with a peanut butter and rolled oat mixture and the other with a peanut butter and
canned cat food mixture. I pre-mixed the bait and added a small amount of vegetable oil
to minimize desiccation. To acclimate local animals to the bait and traps, I baited, but did
not set traps for 24 hrs prior to trapping (Chitty and Kempson, 1949). I checked traps
daily at sunrise and rebaited and reset as appropriate for five consecutive days (one
trapping day = 24 hrs). I recorded traps that closed but did not capture a small mammal.
Captured animals were assigned a unique identification number and then
transported on ice to UND for identification and external examination. I identified
animals to species via pelage and tooth formulas (Seabloom, 2011, Hazard, 1982).
Because of physical similarities, I used molecular methods to identify Sorex spp.
individuals to species through amplification of the mitochondrial cytochrome b gene and
compared against GenBank (Tkach and Pawlowski, 1999). My collection and processing
procedures followed American Society of Mammalogists (Sikes and Gannon, 2011)
guidelines and were approved by the Institutional Animal Care and Use Committee at the
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University of North Dakota (IACUC Protocol Number 1804-7) and UND’s Institutional
Biosafety Committee (IBC Registration Number IBC-201804-019).
At each sample point for each year, I calculated small mammal richness,
evenness, and diversity as a mean of the captures over the five trap nights. Species
richness (S) was the number of unique taxonomic species at each point over the five-night
sample period. Species relative abundances (number of individuals of species i / total
number captured) were used to calculate small mammal Simpson’s diversity (1/D) and
evenness (1/D/S).
Vegetation and environmental sampling
To examine the effects of plant community composition and structure on small
mammal community richness and abundance, I followed previously established
vegetation survey procedures outlined by Deal (2014) during July yearly. At each small
mammal point, I identified each plant species and their corresponding percentage of
cover in two fixed 0.5 × 2 m quadrats. I measured total canopy cover (hereafter cover) as
the percentage of ground obstructed when viewed from above and additionally
categorized cover by plant functional group (grass, woody, forb, legume) and by status
(native or non-native). Ground not obstructed by cover I considered as bare and was
summed for percentage of bare ground. Four visual obstruction readings (VOR), recorded
to the nearest 5 cm, were measured in each cardinal direction (north, south, east, west)
using a Robel pole and then averaged. Live height, which is a measurement of the tallest
single plant to the nearest cm, was recorded in each ordinal (northeast, northwest,
southeast, southwest) direction and averaged. Litter depth was measured in each cardinal
direction to the nearest cm and averaged. Cover, VOR, live height, and litter depth were
23

measured for all trapping years. Bare ground and soil moisture (% volumetric water
content, Field Scout, TDR 150 soil moisture meter, Spectrum Technologies, Inc., Aurora,
IL, USA) were recorded once per point 2019 – 2021.
I evaluated plant communities at each small mammal point for richness, diversity,
and evenness. Plant species richness (S) was the number of unique plant species at each
point. Plant species proportional cover values (cover of species i / total plant cover) were
used to calculate plant Simpson’s diversity (1/D) and evenness (1/D/S). This resulted in
11 environmental explanatory variables for 2018: VOR, plant height, litter depth, plant
richness, plant diversity, plant evenness, total cover, percent grass cover, percent woody
cover, percent forb cover, percent legume cover, and percent non-native cover. These
explanatory variables were the same for 2019 with the addition of soil moisture and
percent bare ground.
Data analysis
To test the effect of management unit, year, and their interactions on small
mammal abundance, richness, diversity, and evenness, I used a repeated measures
analysis of variance (PROC GLIMMIX; SAS Studio, Version 3.7; SAS institute Inc.,
Cary, NC, USA). Following small mammal community analysis, for each small mammal
species, I identified the year of greatest abundance. For further analysis, I only included
species that were spatially abundant (minimum 20 individuals per unit). This resulted in
four small mammal species being retained for further analysis. Peromyscus spp. and
Sorex cinereus in 2018 and Microtus pennsylvanicus and Zapus hudsonius in 2019. For
2018 and 2019, I used pairwise comparison in program PC-ORD (Wild Blueberry Media
LLC, Corvallis, OR, USA) to identify correlated variables. Variables with correlation >
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0.7 were identified and removed from further analysis. Remaining variables were
included in a principal component analysis (PCA) to explain yearly environmental
variation (program PC-ORD). In 2018, variables included in further modeling were plant
richness, VOR, live heigh, litter depth, total cover, grass cover, forb cover, and nonnative
cover. In 2019, variables included in further modeling were plant richness, VOR, live
height, litter depth, total cover, grass cover, forb cover, nonnative cover, bare ground, and
VWC. For each year’s PCA, I overlayed a joint biplot of most abundant small mammal
species response to the environmental variation. All variables included in the PCA were
deemed relevant to explaining environmental variation and were included in further
model selection. Using a multivariate linear mixed model (dredge function, R core Team
2020, package MuMIn) with Bernoulli distribution, I explored habitat variables that
would explain specific species presence or absence. I used AICc to identify the top and
reported all competing models within < 2 AICc.
Results
I captured 985 individuals from eleven species representing eight genera over the
course of the study (3580 ± 34.64 trap nights per year). For this study, I did not
distinguish deer mice (P. maniculatus) from white-footed mice (P. leucopus). I captured
meadow voles (Microtus pennsylvanicus), Peromyscus spp., meadow jumping mice
(Zapus hudsonius), and masked shrews (Sorex cinereus) in all years. The other seven
species were captured in only some years. The only year I did not capture thirteen-lined
ground squirrels (Ictidomys tridecemlineatus), arctic shrew (Sorex arcticus), (S.
cinereus), and Hayden’s shrew (Sorex haydeni) was 2021. In 2018, I captured a single
pygmy shrew (Sorex hoyi), in 2019 I captured southern red backed voles (Myodes
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gapperi; n = 12) and a single northern grasshopper mouse (Onychomys leucogaster), and
in 2021 I captured a single Norway rat (Rattus norvegicus) (Fig. 2.2). Because I.
tridecemlineatus and R. norvegicus were not targeted small mammal species (e.g., traps
used were not expected to be effective at capturing) they should not have been included
in community metrics. For publication, these species will be removed from analysis but
for the interim they are included in community metric analysis. Captures were spatially
variable across the study site (Unit: F6,329 = 4.10, p < 0.01, Fig.2.3) with nearly 75% of
captures in any year occurring in the southern four units (Unit × Year: F18,329 = 1.86, p =
0.02). Captures were also temporally variable over the four-year study period (Year:
F3,329 = 98.04, p < 0.01) with almost three times the number of individuals captured in
2019 than any other year. Small mammal richness marginally differed among year (Year:
F3,329 = 22.12, p < 0.01) but not by unit (Unit: F6,329 = 1.99, p = 0.07) and units did not
vary over time (Unit × Year: F18,329 = 0.88, p = 0.61). Concurrently small mammal
diversity and evenness were also similar among units (diversity Unit: F 6,329 = 1.34, p =
0.24, evenness Unit: F6,329 = 0.68, p = 0.67), but differed among years (diversity Year:
F3,329 = 21.44, p < 0.01, evenness Year: F3,329 = 13.36, p < 0.01), and did not vary
within units over time (diversity Unit × Year: F18,329 = 0.95, p = 0.52, evenness Unit ×
Year: F18,329 = 0.58, p = 0.91).
Small mammal species considered for habitat analysis were P. maniculatus and S.
cinereus in 2018 and M. pennsylvanicus and Z. hudsonius in 2019, which were most
frequently captured in the respective years listed. I used a principal component analysis
(PCA) to explore environmental variation separately for 2018 and 2019. For 2018, the
first axis explained 37.44% of the variation (λ = 2.72) and the second axis explained
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21.53% of the variation (λ = 1.72) in the environmental dataset. PC1 was most strongly
related to plant community composition metrics including litter depth, plant community
richness, percentage of grass cover, and percentage of forb cover (Table 2.1). PC2 was
most strongly related to plant structure metrics including live height and VOR. P.
maniculatus and S. cinereus were most strongly associated with PC1 (Fig. 2.4). In 2019,
the first axis explained 32.71% of variation (λ = 2.93) and the second axis explained
18.48% of variation (λ = 1.93). PC1 was most strongly related to cover metrics including
percent of grass cover and percent of forb cover (Table 2.2). PC2 was most strongly
related to plant structure metrics including VOR and live height. M. pennsylvanicus and
Z. hudsonius were most strongly associated with PC1 (Fig. 2.5).
In 2018, the presence of Peromyscus spp. had seven competing models (Table
2.3). All models contain litter depth which was the only variable significant with the
conditional averages (Fig. 2.6). The presence of S. cinereus had 15 competing models
(Table 2.3). Most models (13 of 15) contained VOR, which was only marginally
significant within conditional averages (p = 0.051; Fig. 2.6). In 2019, the presence of M.
pennsylvanicus had 14 competing models (Table 2.4). Both VOR (p = 0.04) and total
cover (p = 0.03) were significant within the conditional averages (Fig. 2.7). The presence
of Z. hudsonius had six competing models (Table 2.4). Both VOR (p = 0.05) and VWC
(p = 0.01) were significant within conditional averages (Fig. 2.7).
Discussion
With this effort I described the small mammal community in a northeastern North
Dakota grassland. Captures of M. pennsylvanicus, Peromyscus spp., Z. hudsonius, S.
cinereus, and S. haydeni were expected since they were previously captured in regional
27

studies (LaFond et al., 2020). In addition to capturing these common species, I captured
two of notable conservation significance. The arctic shrew (Sorex arcticus) and pygmy
shrew (Sorex hoyi) are species of conservation priority in North Dakota (Dyke et al.,
2015). While S. arcticus has been found previously in Grand Forks County, this was the
first documented captured of S. hoyi (Seabloom, 2011). With only one capture in four
years, it may be S. hoyi are extremely rare in grasslands.
I did not expect to capture thirteen-lined ground squirrels (Ictidomys
tridecemlineatus) or Norway rats (R. norvegicus) during my study. I. tridecemlineatus is
a small to medium sized ground squirrel (Seabloom, 2011) whose colonies are evident
along beach ridges and in the southern units with higher elevation and drier soils.
Because of I. tridecemlineatus’ size, I was surprised the smaller, mouse – sized traps,
were effective. Therefore, my captures of I. tridecemlineatus do not accurately represent
their abundance or spatial distribution at the study location. R. norvegicus are an
introduced species typically associated with agriculture or urban areas (Seabloom, 2011)
and most likely the captured R. norvegicus was a transient individual.
The southern red-backed vole (Myodes gapperi) is predominantly a forest species
(Merritt, 1981, Nordyke and Buskirk, 1991, Morris, 1996) most commonly associated
with high moisture areas (Getz, 1968). During my study, 11 of 12 individuals were
captured in areas encroached by willow trees (Salix sp.). Since M. gapperi do exhibit
irregular population booms (MihokSchwartz et al., 1985, Fuller, 1977), captures during
my study could be immigrants. Although several individuals were either visibly pregnant
or nursing, M. gapperi was only captured in 2019, which suggests a breeding population
was not established. During my study both M. gapperi and M. pennsylvanicus were
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captured at the same point during the same night. As summarized by Boonstra and Krebs
(2012), captures of M. gapperi and M. pennsylvanicus within the same habitat is unusual
during the breeding season. Previously it was determined M. gapperi will exclude M.
pennsylvanicus during the breeding season (Morris, 1996) and will only share habitat in
the non-breeding season (Morris, 1996, Iverson and Turner, 1972).
Onychomys leucogaster are rare in northeastern North Dakota. One other
specimen was collected in Grand Forks County in the 1960s (Seabloom, 2011) and is
stored in the UND vertebrate museum. Wrigley et al. (1991) reported northern
grasshopper mice in southwestern Manitoba in xeric grasslands with light soils and a high
proportion of bare ground. My specimen was captured between two beach ridges with
sparse standing vegetation and minimal litter depth two growing seasons post-fire. Since
little is known about their biology, I add additional information about my specimen here.
The individual was a 44.6 g adult male with a tail length of 43 mm, total body length of
161 mm, hind foot length of 23 mm, and an ear length of 15 mm.
Temporal variation in small mammal total numbers and richness was likely driven
by two major factors: presence of voles and extreme weather events. Microtus spp. are a
dominant herbivore throughout much of their range and can account for more than 90%
of the total small mammal biomass (Pruitt, 1968). Small mammal communities with M.
pennsylvanicus fluctuate seasonally and yearly due to M. pennsylvanicus exhibiting
extreme population cycling (MihokTurner et al., 1985). M. pennsylvanicus has been
shown to directly influence the presence of other small mammal species. In an enclosure
study, white footed mice (Peromyscus leucopus) would move out of areas where M.
pennsylvanicus were introduced (Bowker and Pearson, 1975). Although M.
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pennsylvanicus breeding females have been shown to exhibit territoriality (Getz, 1962,
Getz, 1972), breeding females were captured alongside Peromyscus spp. There were
points where only Peromyscus spp. or M. pennsylvanicus were captured, which means if
there is avoidance occurring it is either not a strong relationship or the strength of the
exclusion could be dependent on temporal or habitat characteristics. The presence of M.
pennsylvanicus or Peromyscus spp. does not have any effect on the presence of S.
cinereus (Wrigley et al., 1979).
The significant decline in small mammal captures between 2019 and 2020 could
in part be due to a massive flooding event. On June 30, 2020, a double rainfall event
dropped 14.35 cm of rain in the study area (National Oceanic and Atmospheric
Administration, Grand Forks International Airport station). This led to > 50% of the
study location being underwater for 3 – 17 days as flood waters receded. During a
flooding event, many small mammals likely perish (Andersen et al., 2000) and the
flooded area is not immediately recolonized after the flood waters recede (Wijnhoven et
al., 2005). Response to flooding is often species specific. M. pennsylvanicus are not
adapted to climbing whereas Peromyscus spp. can readily climb (Wolff, 1980). Short –
term flooding in a forested area had no effect on Peromyscus spp. survival (Williams et
al., 2001). Post flooding, the ground remained saturated and M. pennsylvanicus have been
reported to avoid saturated substrates (Getz, 1967), which could explain why M.
pennsylvanicus numbers were still low after the flooding event. Ground squirrels have
been shown to have increased mortality in flooding events (Proulx, 2012). Richardson’s
ground squirrels (Urocitellus richardsonii), another species seen but not captured during
the study, experienced a 30% mortality during a spring flood in southwestern
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Saskatchewan (Proulx, 2012). Flooding likely had a direct effect on the small mammal
community leading to decreased richness and abundance in 2020 and 2021. Additional
indirect effects through changes in plant community composition and structure post
flooding likely influenced the distribution of small mammal species. However, captures
were too low to allow for modeling.
Broadly, individual species habitat models were mostly consistent with previous
research. Peromyscus spp. was associated with areas of reduced litter. In previous studies,
Peromyscus spp. abundance increased in areas where cover or litter was removed by
mowing (LoBue and Darnell, 1959) or by fire (Kaufman et al., 1990). Bower and Dooley
(1999) did not find any association with Peromyscus spp. and plant species.
Sorex cinereus was not associated with any plant structure or community
variables. In previous studies, plant species composition seems to be more important than
cover for S. cinereus since, in a study by Wrigley et al. (1979), S. cinereus was readily
found in forest, grassland, and marsh habitats and rarely found in a dense cedar forest.
Additionally, a previous study suggests S. cinereus will have higher abundance in areas
increased sedges (Wrigley et al., 1979). There is evidence S. cinereus prefer mesic or wet
habitats over xeric habitats (Wrigley et al., 1979). However, in my study, the presence of
S. cinereus was not attributed to soil moisture.
Microtus pennsylvanicus were associated with total cover and VOR. My findings
did coincide with previous findings of M. pennsylvanicus increasing in abundance in
areas with greater plant cover and decreasing areas where cover was removed such as
when mowed (LoBue and Darnell, 1959). Additionally, M. pennsylvanicus has been
previously found at higher abundance in areas with greater plant height as well as having
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plant composition dominated by grasses (Klatt and Getz, 1987). Interestingly, percent
cover of nonnative plants was not identified as a habitat variable for M. pennsylvanicus
since previous studies have shown both a positive (Klatt and Getz, 1987) and negative
(Zimmerman, 1965, Hodgson, 1972) association of the amount of Poa spp.
Meadow jumping mice were associated with habitats having VOR and decreased
soil moisture. This is consistent with previous research where Z. hudsonius has been
found to be associated with tall and dense vegetation (Morrison, 1990, Frey and Malaney,
2009, Wright and Frey, 2014, Bowers and Dooley, 1999). Similarly, previous studies
reviewed by Quimby (1951), showed Z. hudsonius associated with areas of higher soil
moisture, which is consistent with my findings.
Overall, small mammals within the Oakville prairie have species specific
responses to their surrounding habitat. What I did not take into consideration was what
the availability of preferred habitat variables was on the landscape. Because of habitat
resource availability, what habitat variables a small mammal selects for may differ
spatially and temporally. Additionally, in species that show territoriality (e.g., M.
pennsylvanicus) location and quality of resources are suggested to influence the amount
of space used (Batzli et al., 1999). Limitation of resources could increase aggressive
behaviors of individuals ultimately influencing the presence of other species through
agnostic interactions (Batzli et al., 1999). My results cannot be extended to describe the
entire habitat used within an individual’s home range, instead, it should be limited to
describing types of habitats associated with foraging. I expect future studies that examine
small mammal response to habitat variables would show both temporal and spatial
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variation and may include some categorical component or weight for abundance (better
habitat = higher abundance).
Effects of habitat on distribution of species occurs at multiple scales within a
landscape. My study identified spatial and temporal variation in small mammal
community richness and abundance, variation in environmental variables for the two
growing seasons prior to a major flooding event, and identified environmental variables
associated with the presence of the four most abundant species. This study adequately
describes the extremes, which can occur in small mammal communities, within the
region and results are consistent with other studies examining habitat variables associated
with small mammal species. Although mine and previous studies have all been at the
small scale, seeing broad patterns in the variables provides more on the ecology of small
mammals, their range in tolerance of habitat variables, and ultimately may provide some
insight as to how these mammals may adapt to future grassland change.
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Table 2.1. Correlation of environmental variables with the first two Principal Component
(PC) axes in the 2018 Principal Component Analysis of environmental variables. PC1
accounted for 37.44% (λ = 2.72) and PC2 for 21.53% (λ = 1.72) of the variation in the
environmental data set.
Environmental variables
Visual Obstruction Reading (VOR)
Live height
Litter depth
Plant richness
Total cover
Grass cover
Non-native cover
Forb cover

PC1
0.1166
0.0931
0.3624
-0.4677
-0.0935
0.5152
-0.3583
-0.4744
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PC2
-0.5615
-0.6528
-0.2495
-0.0355
-0.3730
0.1918
-0.0020
-0.1385

Table 2.2. Correlation of environmental variables with the first two Principal Component
axes in the 2019 Principal Component Analysis of environmental variables. PC1
accounted for 32.71% (λ = 2.93) and PC2 for 18.48% (λ = 1.93) of the variation in the
environmental data set.
Environmental variables
Visual Obstruction Reading (VOR)
Live height
Litter depth
Plant richness
Total cover
Grass cover
Non-native cover
Forb cover
Bare ground
Soil moisture (VWC)

PC1
-0.1077
-0.0763
0.2052
-0.3742
-0.3848
0.4983
-0.2932
-0.4257
-0.1268
0.3475
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PC2
0.6096
0.4920
0.0572
-0.2967
0.3615
0.1365
0.2379
-0.2385
-0.1791
-0.0087

Table 2.3. Model details for the top models (< 2 ΔAIC) explaining the number of
captures of Peromyscus spp. and Sorex cinereus at sample points distributed across
Oakville Prairie in 2018. Variables in top models include Visual Obstruction Reading
(VOR), live height, litter depth, plant richness, percent total cover, percent grass cover,
percent nonnative cover, and percent forb cover.
Top Models
Peromyscus spp.
Litter depth + total cover + forb cover + live height
Litter depth + total cover + live height
Litter depth + total cover + forb cover
Litter depth + forb cover + liver height
Litter depth + total cover
Litter depth + live height
Litter depth + total cover + grass cover + forb cover +
live height
Sorex cinereus
VOR + grass cover + live height
VOR + grass cover
VOR + grass cover + live height + litter depth
VOR + nonnative cover + live height
VOR + live height
VOR
VOR + nonnative cover
VOR + forb cover + live height
Grass cover
Grass cover + litter depth + VOR
Forb cover + VOR
Grass cover + litter depth
Grass cover + VOR + richness
Grass cover + live height + VOR + richness
Total cover + grass cover + VOR
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df

AICc

ΔAICc

Weight

6
5
5
5
4
4
7

259.69
259.99
260.35
260.40
260.56
260.87
261.27

0.00
0.29
0.66
0.71
0.87
1.18
1.58

0.20
0.17
0.15
0.14
0.13
0.11
0.09

5
4
6
5
4
3
4
5
3
5
4
4
5
6
5

233.11
233.29
233.74
233.95
234.00
234.32
234.48
234.54
234.60
234.71
234.79
234.88
234.88
234.89
234.91

0.00
0.17
0.62
0.83
0.89
1.21
1.36
1.43
1.49
1.60
1.67
1.77
1.77
1.77
1.80

0.12
0.11
0.09
0.08
0.08
0.06
0.06
0.06
0.06
0.05
0.05
0.05
0.05
0.05
0.05

Table 2.4. Model details for the top models (< 2 ΔAIC) models explaining presence of
Microtus pennsylvanicus and Zapus hudsonius at sample points distributed across
Oakville Prairie in 2019. Variables in top models include visual obstruction reading
(VOR), live height, soil moisture (VWC), plant richness, percent bare ground, percent
total cover, and percent forb cover.
Top Models
Microtus pennsylvanicus
VOR + live height + richness
VOR + VWC
VOR + forb cover + live height + VWC
VOR + live height + richness + VWC
VOR + richness + VWC
VOR + live height + VWC
VOR + bare ground+ VWC
VOR + forb cover + VWC
VOR + richness
Total cover + live height
VOR + forb cover+ richness
VOR + bare ground + live height + richness
VOR + bare ground + live height + richness + VWC
VOR + bare ground + live height + VWC
Zapus hudsonius
VOR + forb cover + VWC
VOR + bare ground + forb cover + VWC
VOR + bare ground + VWC
VOR + VWC
Total cover + forb cover + VWC
VOR + forb cover + live height + VWC
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df

AICc

ΔAICc

Weight

5
4
6
6
5
5
5
5
4
4
5
6
7
6

534.69
534.91
535.49
535.51
535.65
535.70
535.94
536.05
536.10
536.10
536.15
536.21
536.40
536.43

0.00
0.22
0.80
0.82
0.96
1.01
1.25
1.36
1.41
1.41
1.46
1.52
1.71
1.74

0.12
0.11
0.08
0.08
0.07
0.07
0.06
0.06
0.06
0.06
0.06
0.06
0.05
0.05

5
6
5
4
5
6

121.52
122.13
122.91
123.12
123.29
123.31

0.00
0.61
1.39
1.60
1.79
1.79

0.28
0.21
0.14
0.13
0.12
0.12

Figure 2.1. Map of Oakville Prairie, Grand Forks County, North Dakota, USA. Dots
indicate permanent survey points. I randomly selected a new set of points to sample each
year, + indicates points sampled in 2018. Shading of units indicates year it was last
burned.
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Figure 2.2. Small mammal captures at Oakville Prairie, North Dakota, USA. Species with
≥ 40 cumulative captures over the four years are shown separately and include Microtus
pennsylvanicus, Peromyscus spp., Zapus hudsonius, and Sorex cinereus. Small mammal
species with < 40 cumulative captures are grouped into an ‘other’ category and include
Sorex arcticus, Sorex haydeni, Sorex hoyi, Onychomys leucogaster, Myodes gapperi,
Rattus norvegicus, and Ictidomys tridecemlineatus.
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Figure 2.3. Mean (± SE) of small mammal captures at each point withing each
management unit during year 2018 – 2021 at the University Of North Dakota’s Oakville
Prairie, Grand Forks County, North Dakota, USA. Units labled with different letters are
significantly different (p < 0.05).
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Figure 2.4. Principle Component Analysis of 2018 environmental variables. PC1
accounted for 37.44% (λ = 2.72) and PC2 for 21.53% (λ = 1.72) of the variation in the
environmental data set. Points are shaded by management unit and loadings of each
environmental variable and the most commonly captured small mammals are shown.
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Figure 2.5. Principle Component Analysis of 2019 environmental variables. PC1
accounted for 32.71% (λ = 2.93) and PC2 for 18.48% (λ = 1.93) of the variation in the
environmental data set. Points are shaded by management unit and loadings of each
environment variable and the most commonly captured small mammals are shown.
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Figure 2.6. Model coefficients (conditional average) ± SE for plant structure and
composition variables in the top linear regression models (< 2 AICc) for 2018 (a)
Peromyscus spp. and (b) Sorex cinereus. † p < 0.10, * p < 0.05, ** p < 0.01, *** p <
0.001.
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Figure 2.7. Model coefficients (conditional average) ± SE for plant structure and
composition variables in the top linear regression models (< 2 AICc) for 2018 (a)
Microtus pennsylvanicus and (b) Zapus hudsonius. * p < 0.05.
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CHAPTER 3

MELANISM IN MEADOW VOLES (MICROTUS PENNSYLVANICUS) AND
DEER MICE (PEROMYSCUS MANICULATUS) AT OAKVILLE PRAIRIE,
GRAND FORKS COUNTY, NORTH DAKOTA

Abstract
In June and July 2019, I captured three melanistic Meadow Voles (Microtus
pennsylvanicus) and one melanistic Deer Mouse (Peromyscus maniculatus) at the at
University of North Dakota’s Oakville Prairie field station near Emerado, Grand Forks
County, North Dakota, USA. My melanistic captures were the first recorded in the state
of North Dakota for both species. I compared hair density between melanistic and
typically colored Meadow Voles; hair density was less dense on melanistic voles (F 1,46 =
4.45, P = 0.04). Differences in hair density among phenotypes suggest possible
underlying adaptive advantages which allow melanistic alleles to persist in populations.

Introduction
Coat coloration in members of the family Rodentia is an important determinant of
their ecological and evolutionary fate (Dice,1947, Kaufman,1975, Caro and Mallarino,
2020). Broadly, coat coloration results from a combination of two melanin pigments, the
black-brown eumelanin pigment and the yellow-red pheomelanin pigment, deposited in
each developing hair in a process controlled by upwards of a hundred genes (Hoekstra,
2006, Caro and Mallarino, 2020). These pigments combine in different ratios and spatial
distributions within and among hairs to result in the range of naturally occurring small
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mammal coat colors and shades (Jackson, 1994). While many potential color variations
have been observed within domestically reared small mammal populations (Pinter and
Negus, 1971, Jackson, 1994), such variants are more limited in wild populations
(Hoekstra, 2006). Several studies have speculated this coat color variation serves as
adaptive substrate matching in small mammals, where dorsal coat coloration reflects local
environmental variation within populations (Jackson, 1994, Hoekstra, 2006). As such,
occurrence of dark (melanistic) coat coloration in mice and voles has received special
recognition in the historical (Murie, 1934, Blossom, 1942, Owen and Shackelford, 1942,
Mumford, 1964, Horner et al., 1980) and more current literature (Nachman et al., 2003,
Jung et al., 2009, Łopucki and Mróz, 2010) as researchers pursue questions related to the
adaptive potential associated with coat coloration.
Coat color mutations are common within Rodentia (Silvers, 1979, Gaines, 1985).
Melanism, an abnormally dark phenotype where some to all of animal’s skin and hair
turns black, is noteworthy, as it can affect mice and vole survival and fitness through
effects on their ability to avoid predation, thermoregulate, resist parasitism, and attract
mates (Caro and Mallarino, 2020). Most obviously, melanism can reduce predation in
dark – colored habitats (Kaufman, 1975), such wetlands or fire – managed landscapes
(Kiltie, 1989, Caro, 2005). However, melanism can also affect animal energetics, as fur is
a critical component in regulating heat exchange between an animal and its environment.
According to the thermal melanism hypothesis, melanistic animals will absorb more solar
energy and heat up faster than animals of the same body size with typical or light
coloring (Walsberg, 1983, 1991, Fratto and Davis, 2011). This could affect animal daily
and seasonal activity patterns (Innes and Lavigne, 1979), and it has been noted that hair
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density, thickness, and length can differ between melanistic and typical colored coats in
response to these changes in coat thermal characteristics (Voipio and Hissa, 1970, Fratto
and Davis, 2011). Changes in hair density are additionally important as they can
indirectly affect ectoparasites (e.g., fleas), which rely on hair spacing, to attach to their
host (Humphries, 1967).
Melanism occurs in the two of the most common grassland small mammals,
meadow voles (Microtus pennsylvanicus) and deer mice (Peromyscus maniculatus).
Meadow voles are a common, generalist grassland species, with a habitat range extending
from Canada to Mexico (Reich, 1981). Typically, their dorsal pelage appears brown to
dark brown while the ventral side is a lighter gray-brown and both sides have a yellowish
tinge to the hairs, this is known as agouti coloration (Reich, 1981). Melanism occurs in
the Microtus genus (Murie, 1934, Mumford, 1964, Pinter and Negus, 1971, Jung et al.,
2009) and has specifically been reported in meadow vole populations in Illinois,
Michigan, and Washington states, USA (Blossom, 1942, Owen and Shackelford, 1942).
Deer Mice (Peromyscus maniculatus) are another common small mammal, but generally
occurs within grasslands in low numbers. Their range extends from the tundra-forest
transition zone in Alaska and Canada to Mexico (Baker, 1968). Common pelage in deer
mice is typically brown to gray-brown with white feet, white ventral side, and white
ventral side of tail (Hazard, 1982, Seabloom, 2011). Wild melanism in mice has
infrequently been reported in North American populations in Alaska, California, New
Hampshire, and Michigan (Kingsley et al., 2009).
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Results and Discussion
During an effort to document small mammals of eastern North Dakota, USA, I
captured three melanistic meadow voles (of 545 total captured) and one melanistic deer
mouse (of 40 total captured) in July 2019, at University of North Dakota’s Oakville
Prairie field station near Emerado, Grand Forks County, North Dakota, USA. Oakville
Prairie is an approximately 453 ha site consisting of remnant upland tallgrass prairie and
lowland saline seeps characteristic of the former plant communities of the Red River
Valley (Hadley and Buccos, 1967, Redmann, 1972, Wali et al., 1973, Deal, 2016). Our
trapping effort involved setting 704 snap traps (Victor ® breakback mousetraps,
Woodstream Corporation, Lititz, Pennsylvania, USA) systematically over the site during
peak growing season for five consecutive nights in late June and early July. I baited traps
with either a peanut butter/rolled oat or peanut butter/canned cat food mixture.
I captured melanistic meadow voles in conjunction with six typical pelage
meadow voles within 20 m of each other over a three-day period. The melanistic voles
were of similar size and age and were presumably from the same litter (Table 3.1).
Melanism can range in the extent to which it occurs in hairs through the coat (Owen and
Shackelford, 1942). Two individuals had non-uniform dorsal melanism with small
patches of typical agouti hairs over the eyes and near the ears (Fig. 3.1). The third
individual had uniform dorsal melanism. All three individuals lacked ventral yellow
pigments. I additionally captured a juvenile melanistic deer mouse ten days later, 1.5 km
away in a portion of site burned one month prior (Table 3.1). Melanism on the deer
mouse was uniform on the dorsal and ventral sides and lacked any yellow pigments when
viewed microscopically. This pelage type is defined as extreme nonagouti with a black
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rather than white belly and is designated as ae (Horner et al., 1980) within published
pelage classification systems. This pelage type is recessive to typical agouti coats and atype nonagouti coats (melanistic dorsal with a white ventral side; Horner et al., 1980). I
did not find any melanistic animals in parallel trapping efforts in 2018 (106 Meadow
Voles, 51 Deer Mice captured) or 2020 (34 Meadow Voles, 1 Deer Mouse captured).
I reviewed organized small mammal trapping efforts in the region (North Dakota,
northern Minnesota, and southern Manitoba) and this appears to be the first record of the
melanistic pelage variations in either meadow voles or deer mice. To date, four
melanistic meadow voles have been reported with one each in Washington, and Alberta,
Canada (Owen and Shackelford, 1942) and two were captured within 20 m of each other
in Michigan (Blossom, 1942). To my knowledge this is the first time three melanistic
(full or partial) have been captured within the same population. Melanism in deer mice
has also been infrequently reported (one or two melanistic individuals at a time) in
Alaska, California, Michigan, and New Hampshire, USA (Horner et al., 1980, Kingsley
et al., 2009). Clearly, melanism occurs at low frequencies in meadow voles and deer mice
populations and at least one study has estimated melanistic allele frequency in New
Hampshire wild deer mice populations at 3 to 5 percent (Horner et al., 1980).
As with my study, previous melanistic meadow voles were captured near water
(Blossom, 1942) where emergent wetland vegetation (i.e., Typha spp.) often grows in tall,
dense patches. Melanistic voles may have higher survival in these habitats due to greater
cover from predation and, possibly, increased substrate matching within these low light
environments. Alternatively, the increased substrate may provide the cover necessary to
reduce predation of conspicuous individuals (Peles et al., 1995). As with other rodent
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species, Melanistic voles may have higher survival rates when their coloration more
closely matches their environment. Across Arizona and New Mexico, coat colors in rock
pocket mice (Chaetodipus intermedius) populations have been found to closely resemble
the substrate color in their environment (Dice and Blossom, 1937). Melanistic rock
pocket mice were found to have higher fitness in habitats with volcanic rock (Nachman et
al., 2003). These effects could directly arise because of greater shielding from predation
in animals that are less conspicuous against their environment (Dice, 1947, Kaufman,
1974), however, several indirect effects, including those related to animal energetics and
thermodynamics, could affect survival rates in melanistic animals as well.
Differences in coat properties, including density and coloration, can affect heat
gain or loss to the environment (Walsberg, 1991), and melanism has been shown to affect
coat structure (Voipio and Hissa, 1970, Fratto and Davis, 2011). I assessed hair density in
the voles to determine if the change in coloration was associated with coat structural
changes. I selected three normal pelage voles captured during the same year and of
similar age, breeding status, and body size as the melanistic voles for comparison.
Normal voles were within one standard deviation of the mean for length (108.3 ± 3.6 cm)
and weight (12.16 ± 1.67 g) of melanistic voles. I sampled hair density (follicles/mm 2) on
five dorsal and ventral sites on the six voles (three melanistic, three normal) following
Kaszowski et al. (1970). Sites were spaced 2 cm apart along the body midline (Fig. 2)
and I used a washer to designate each 6.0 mm2 sampling area. I clipped, shaved, and dyed
(methylene blue) each hair site to increase hair follicle visibility. I counted follicles twice
in each site using a dissecting microscope, averaged the counts, and then calculated hair
density (follicles/mm2). I used a generalized linear model (PROC GLIMMIX; SAS
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version 9.4, SAS Inc., Cary, NC, USA) to test for effects of location (dorsal versus
ventral), pelage type (melanistic versus normal), and their interaction on number of
follicles/mm2. The model included animal as a random term to account for the nested
sampling design. I excluded the anterior point on the full melanistic vole from this
analysis because of trap damage to the skin.
As is typical with small mammals, dorsal hairs were denser than ventral hairs
(F1,46 = 12.99, P <0.01; Fig. 3.3). As predicted, hair density was lower on melanistic voles
than in normal pelage voles (F1,46 = 4.45, P = 0.04; Fig. 3.4) and this effect was consistent
across body locations (F1,46 = 0.16, P = 0.69). These results suggest melanism could
affect meadow vole energetics in this population. Melanistic animals could experience
greater heat loss with lower density (Willmer et al., 2005), but there is likely a tradeoff
between this effect and increased ability to absorb solar radiation (Walsberg, 1983).
These coat coloration effects could alter periods of daily (Reich, 1981, Madison, 1985)
and seasonal activity (Walsberg, 1983) as compared to normal pelage voles.
Given the occurrence of melanism in these populations and potential associated
effects on animal energetics, future studies of melanism in the region need to determine if
melanism occurs regularly, if it is adaptive, and what the genetic basis is for these
phenotypes. North Dakota and surrounding states and provinces have a multitude of dark
colored landscapes, which includes fire managed grasslands and agricultural landscapes
with dark soils, where more cryptic coloration may be advantageous (Guthrie, 1967,
Kiltie, 1989). It is likely melanism occurs more widely than what is documented. This
leads to the question of whether there is an adaptive advantage either through cryptic
effects or because of changes in coat thermodynamics to these animals or a result of
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heavy vegetative cover. Identification of the phenotype being selected for may identify
the mechanism allowing melanistic alleles to persist in populations.
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Figure 3.1. Color pictures of non-uniform melanism in Meadow Voles (Microtus
pennsylvanicus) captured at Oakville Prairie, Grand Forks County, North Dakota, USA.
Meadow voles one (M1) and two (M2) have typical agouti coat color visible by the ears
on the dorsal side. Both ventral sides lack yellow pigments. The third completely
melanistic meadow vole was damaged during trapping and is not shown.
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Figure 3.2. Dorsal (A-E) and ventral (F-J) sites selected for hair density assessments.
Dorsal sites followed the spinal column and were located (A) midway between the eyes,
(B) at base of the skull, (C) at the terminus of the rib cage, (D) at the pelvis, and (E) 1 cm
from base of tail. Ventral sites were located (F) midway between the lower lip and
armpits, (G) between the front legs, (H) at the terminus of the rib cage, (I) at the pelvis,
and (J) 1 cm prior to sex organs.
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Figure 3.3. Mean ± SE dorsal and ventral hair density (number of hairs/mm2) across
melanistic and normal pelage Meadow Voles (Microtus pennsylvanicus) captured at
Oakville Prairie, Grand Forks County, North Dakota, USA.

68

Hair density (follicles/mm2)

30

28

26

24

Melanistic

Wild Type

Phenotype
Figure 3.4. Mean ± SE melanistic and normal agouti hair densities (number of hairs/mm2)
of Meadow Voles (Microtus pennsylvanicus) captured at Oakville Prairie, Grand Forks
County, North Dakota, USA.
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CHAPTER 4

DIET RICHNESS AND OVERLAP AMONG GRASSLAND SMALL MAMMAL
OMNIVORES AND INSECTIVORES

Abstract

Secondary small mammal consumers, including omnivores and insectivores, are often
among the most numerous mammals in grasslands, yet relatively little is known about
their diets. Given their similar traits (i.e., body size, habitat preference, and trophic level),
such species may have similar diets. My study compared diets of two omnivorous rodents
Peromyscus maniculatus and Zapus hudsonius, and four insectivorous shrews, Sorex
arcticus, S. cinerius, S. haydenii, and S. hoyi, collected from UND’s Oakville Prairie in
2018. We used a megagenomic approach to amplify nuclear, chloroplast, and
mitochondrial DNA within the stomachs of 95 collected individuals. With this process, I
determined diet richness, similarity, and major components among the genera and among
the closely related shrews. I documented 823 unique dietary sequences, the majority of
which were matched to the insect orders Lepidoptera (44.23%), Diptera (21.02%), and
Coleoptera (16.04%). A similarity – richness difference – replacement analysis of species
similarity, difference, and replacement in the presence/absence matrices of their diet
items suggests low similarity and high beta diversity among individual diets. Z.
hudsonius individuals had the lowest similarity and nestedness whereas S. arcticus
individuals exhibited the highest replacement and perfect gradient. Notably, the most
common dietary sequences were matched to thirteen-lined ground squirrels (Ictidomys
tridecemlineatus), milkweed beetles (Labidomera clivicollis), and a spider genus (Zelotes
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sp.). Our results suggest small mammals are opportunistically foraging within their
grassland microhabitats.

Introduction

Resource partitioning is a core concept in community ecology which is thought to
reduce competition among sympatric species (Pianka, 1969). Species compete for food
and space (Schoener, 1974) and resource overlap occurs when resources are used by
more than one species. Resource partitioning, or a division of resources, has been
presented as a key process promoting diversity and allowing for sympatric species
coexistence (Hutchinson, 1959, Schoener, 2011). Specifically, resource partitioning of
diet has been proposed as a mechanism facilitating co-occurrence of sympatric species
(Balčiauskas et al., 2019, Shiels et al., 2013, Calandra et al., 2016). While important for
understanding community structure, we have a dearth of understanding regarding diets of
grassland small mammals occupying similar trophic levels. Secondary consumers,
including insectivores and omnivores, are often among the most numerous mammals in
grasslands, yet relatively little is known about what organisms these animals consume
and extent to which their diets overlap.
Species within the same trophic level and of the same relative size often have
similar diets and potentially consume the same diet items (Lanszki et al., 2020). The
range of prey items successfully captured (e.g., richness) is influenced by an organism’s
morphology (Taylor, 1987) and ultimately organisms with similar morphology (i.e., tooth
types and formulas, specialized digits for digging or climbing) would be assumed to have
similar diets (Verde Arregoitia, 2017). Grassland small mammal communities are often
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species rich when it comes to secondary consumers and this high diversity comes with
potentially high diet overlap. Within northeastern North Dakota grasslands, six secondary
consumers from three genera and all weighing 25 g or less, readily occur in small
mammal communities (LaFond, 2020, Seabloom, 2011). This includes two omnivores
with similar body size, Peromyscus maniculatus (deer mouse) and Zapus hudsonius
(meadow jumping mouse), which differ in their overall morphology, including extremity
length, skull size, and tooth formula (Whitaker, 1972, Kirkland and Layne, 1989). The
remaining four species are all insectivores of the genus Sorex (shews) and are of similar
in body size and morphology (Kirkland and Schmidt, 1996, Whitaker Jr, 2004, Hazard,
1982, Seabloom, 2011, Long, 1974). These include Sorex cinereus (masked shrew), S.
haydeni (Hayden’s shrew), S. arcticus (arctic shrew), and S. hoyi (pygmy shrew).
Relatively few studies have analyzed the diets of Peromyscus spp., Zapus spp.,
and Sorex spp. and even fewer have compared diets among these genera. Previous studies
were based mainly on microhistological techniques where dietary items were identified to
the finest taxonomic resolution possible. In a combined stomach microhistological study
of P. maniculatus from woodland, grassland, and cropland areas, the most abundant food
items were lepidopterous larvae and seeds (Whitaker Jr, 1966). This outcome is not
surprising given P. maniculatus is known to consume lepidoptera larvae, spiders, and
moths in cafeteria trials (Bellocq and Smith, 1994). Z. hudsonius are known to consume
grass seeds (genera Paspalum, Bromus, Hordeum, and Elymus) and sedge achenes
(genera Schoennoplectus and Eleocharis) (Sheldon, 1934, Wright and Frey, 2014) along
with nuts, fruit, insects, and fungi (Quimby, 1951, Whitaker Jr, 1963, Hamilton, 1935). It
is unclear to what extent diets differ among Sorex spp. Dominant food items for S.
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arcticus are arthropods, mainly larch sawfly nymphs (Buckner, 1964). In Indiana
woodlands, S. cinereus and S. hoyi varied in their size, food habits, and in their ecological
and geographical replacement, all of which should reduce competition and allow them to
live in the same general region (Whitaker Jr and Cudmore, 1986). Similarly, sympatric
shrew species consumed the same diet items in different proportions suggesting a way
two species could use the same resources yet reduce competition (Whitaker Jr and
French, 1984). In a New Brunswick, Canada, woodland, major diet items of S. cinereus
were larvae and spiders (about half the diet) while S. hoyi most frequently consumed
larvae, beetles, then spiders (94% of diet). Both S. cinereus and S. hoyi consume Diptera,
earthworms, slugs, and snails (Whitaker Jr and French, 1984, Ryan, 1986, Whitaker Jr
and Cudmore, 1986); however, S. hoyi may only consume small (<10 mm) arthropods
(Churchfield, 2002). S. cinereus regularly consume insect larvae (Coleoptera and
Lepidoptera), spiders, crickets, slugs, harvestmen, and centipedes as summarized by
Whitaker (2004). However, few diets from grassland areas are described. In an open field
in Minnesota, S. cinereus consumed predominantly spiders, Gryllidae, and Lepidoptera
larvae, followed by Phalangia spp., earthworms, Cicadellidae, snails, and Rhagionidae
(Whitaker Jr and Cudmore, 1986). I have found no research asking whether S. cinereus
and S. haydeni, as currently defined, differ in diet in any habitat. To date, there are no
studies exploring the diets of P. maniculatus, Z. hudsonius, S. cinereus, S. haydeni, S.
arcticus, and S. hoyi with genetic techniques.
Unlike previous microhistological approaches, DNA metabarcoding can be used
for simultaneous identification of dietary components from areas where DNA may be
highly degraded (i.e., gut) while providing a high level of taxonomic resolution (Taberlet
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et al., 2007, Pompanon et al., 2012, Kartzinel and Pringle, 2015). Recent studies have
used these approaches to identify diet items from stomach contents and fecal pellets.
Diets of herbivorous Amargosa voles (Microtus californicus) were identified through
primers targeting the internal transcribed spacer 2 (ITS2) region of nuclear plant DNA
extracted from fecal pellets using UniPlantF and ITS-p4 primers (Castle et al., 2020). In
the generalist wood mouse (Apodemus sylvaticus), plant diet items were identified via the
P6 loop of the chloroplast trnL (UAA) region using primers A49325 and B49863 (Ozaki
et al., 2018). In the insectivorous Chinese mole shrew (Anourosorex squamipes), dietary
items were identified using the mitochondrial cytochrome oxidase 1 (CO1) primers LCO1490 and Uni-MiniBar-R (Tang et al., 2021, Zeale et al., 2011). To date, no one has used
these techniques to identify dietary components within the small mammals of the North
American grasslands.
This paper presents the first look at the diet breadth and overlap among multiple
grassland small mammal secondary consumers using a metagenomic approach. I have
four research questions. The first research question is, do small mammals consume the
same proportion of insect life history stages? Like previous microhistological studies, I
hypothesized that Peromyscus spp. and Z. hudsonius will consume more adult insects
compared to all Sorex spp. Alternatively, Sorex spp. will consume more larvae and pupae
than Peromyscus spp. and Z. hudsonius. The second research question is at the species
level. Within a species, what diet items are being consumed, how many diet items are
individuals consuming, and are individuals from the same species consuming the same
diet items. Like previous diet studies, I hypothesized Lepidoptera will be the most
frequent diet sequence among Peromyscus spp., Order Poales to be the most frequent diet
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sequence among Z. hudsonius, and Coleoptera to be the most frequent diet sequence for
all Sorex spp. The third questions I will address is at the community level and query if the
same diet items consumed among species. Based on previous microhistological studies, I
hypothesized that the most diet sequences will be matched to the arthropod orders
Coleoptera (beetles), Lepidoptera (moths and butterflies), and Areneae (spiders and
harvestmen). I hypothesize individuals within a small mammal species will have similar
diets. My final research question is, based on diet sequences, which small mammal
species are most alike in terms of diet? This question is a culmination of results from
previous research questions. Based on the predicted diet sequences I expect to find in
each small mammal species, and the size and morphology of the small mammals, I
hypothesize similarity of diet sequences will occur between two groups. Peromyscus spp.
and Zapus hudsonious will share diet sequences while Sorex spp. will share diet
sequences.

Methods
Study area
I collected small mammals at Oakville Prairie (hereafter Oakville) located in
Oakville Township, Grand Forks County, North Dakota, USA (Fig. 4.1). Oakville
(centroid latitude 47.893, longitude -97.315, ~435 ha), is part of the Grand Forks County
grassland corridor. Oakville has seasonal to intermittent wetlands with a slight north to
south elevation gradient of 0.46°± 0.05° (Deal et al., in prep, Hadley and Buccos, 1967).
Elevation, upwelling, and evaporation of surface water create a salinity gradient from
north to south (Redmann, 1972, Seelig, 2000, Whitman and Wali, 1975). Elevation and
associated soil moisture and salinity gradients are key environmental variables driving
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plant community structure (Redmann, 1972). Generally, northern areas with poor
drainage and higher soil salinity are dominated by Salicornia rubra or Distichlis stricta
and southern areas with higher elevation and better drainage are dominated by Poa
pratensis and Bromus inermis (Hadley and Buccos, 1967).
Oakville is divided into eight management units varying from 44 – 78 ha in area
(Fig. 4.1). Overlaying all eight units is a grid of permanent sampling points spaced 100 m
apart (Deal et al., in prep; Fig 4.1). Small mammals for this study were captured between
20 June and 10 July 2018 from a random selection of 40% of the points in each unit (n =
87 of 229 points, Fig. 4.1).
Small mammal trapping
Animals were collected with an array of eight snap traps (Victor ® M040 mouse
traps, Woodstream Corporation, Lititz, Pennsylvania, USA) at each sample point (see Ch.
2 for details). Traps were baited with either a peanut butter and rolled oat mixture or with
a peanut butter and canned cat food mixture. I identified animals to species via pelage
and tooth formulas (Seabloom, 2011, Hazard, 1982) and used molecular methods to
identify morphologically similar Sorex spp. individuals through amplification of the
mitochondrial cytochrome b gene and comparisons with accessions of known identity in
GenBank (Tkach and Pawlowski, 1999). My collection and processing procedures
followed American Society of Mammalogists (Sikes and Gannon, 2011) guidelines and
were approved by the Institutional Animal Care and Use Committee at the University of
North Dakota (IACUC Protocol Number 1804-7) and UND’s Institutional Biosafety
Committee (IBC Registration Number IBC-201804-019).
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Microhistology
In 2018, I captured Peromyscus maniculatus (n = 48), Zapus hudsonius (n = 17),
Sorex cinereus (n = 38), Sorex arcticus (n = 6), Sorex haydeni (n = 6), Sorex hoyi (n = 1),
and two unidentifiable Sorex spp. (n = 2). Several specimens were damaged during
trapping and were removed from downstream analysis (Sorex spp. = 4, P. maniculatus =
3, and Z. hudsonius = 1). Stomachs were removed and stored intact in 80% ethanol until
processing. After cutting the stomach open, I used a repeated wash and settling process to
isolate the masticated material from the stomach of each animal. I stored this material in
80% ethanol and recorded its volume to the nearest 0.1 mL after a minimum of 24 hours
of settling. Prior to DNA collection, I conducted a diet microanalysis. For each stomach, I
made wet mounts of all contents and photographed them with Nikon E5700 camera
(Nikon Corporation, Minato, Tokyo, Japan) with Martin microscope adapter (Martin
Microscope Company, Easley, SC, USA, S/N: 1981) through an Olympus SZ2-ILST
microscope (Olympus Corporation, Tokyo, Japan). Contents were classified as plant,
insect, or other. Within insect, each content item was subsequently identified to the
lowest classification possible and life stage (i.e., pupae, larvae, adult) where applicable.
Area of classified items was divided by the total area of all items to attain a proportion.
Proportions were used to compare proportion of plant matter among species. Proportions
were also used to compared consumption of life history stages among species.
Following photography, stomach contents were again stored in 80% ethanol until
DNA extraction. During processing an additional four stomachs were lost to faulty
equipment. Additional resource constraints meant I could only process 95 stomachs for
77

the DNA analysis. S. haydeni, S. hoyi, S. arcticus, and Z. hudsonius each had < 20
captures and all their stomachs were included regardless of their sex or age. P.
maniculatus and S. cinereus had > 20 captures. In this case, individuals to be further
processed were first selected by age (adults > subadults) and then selected from as many
unique sample points as possible to cover the greatest portion of the study site. Overall, I
extracted DNA from the stomachs of Z. hudsonius (n = 11), S. hoyi (n = 1), S. haydeni (n
= 6), S. arcticus (n = 5), S. cinereus (n = 38), and P. maniculatus (n = 41).
DNA extraction
I extracted DNA from stomach contents using a Quick-DNA Miniprep kit (Zymo
Research, Irvine, CA, USA). A 0.2 mL random sample of each stomach was mixed with
500 µL lysis buffer in a 2 mL 0.7 mm garnet PowerBead tube (OMNI International,
Kennesaw, GA, USA). I used a Qiagen TissueLyser (20 Hz) for 5 min to homogenize the
sample and then followed solid sample Quick-DNA protocol steps to produce a 20 µL
solution of DNA suspended in elution buffer. I used four primer sets, which targeted
plant and animal DNA regions, and were modified with additional sequences to allow
annealing to illumine index adapters (Table 4.1). These primers included UniPlantF and
ITS p-4, which target the internal transcribed spacer 2 region of nuclear DNA
(Moorhouse-Gann et al., 2018, Cheng et al., 2016, Castle et al., 2020), A49325 and
B49863, which target the trn L (UAA) region of chloroplast DNA (Taberlet et al., 2007,
Soininen et al., 2009), LCO-1490 and Uni-MiniBar-R, which target universal
mitochondrial COI (Brown et al., 2014, Meusnier et al., 2008, Tang et al., 2021), and
1391F and Eukbr, which targets the 18S region in eukaryotes (Kounosu et al., 2019).
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Polymerase chain reactions (PCR) mixes (20 µL total volume) were created for
each individual primer set. These mixes included 10 µL 2× PCR buffer (DreamTaq hot
start green PCR master Mix, Thermoscientific, Vilnius, Lithuania), 7.2 µL H2O, 0.4 µL
of forward and reverse primer taken from a 10 µM stock solution diluted to a 20 µM
working solution, and 2 µL of template DNA. Prior to running the samples, I optimized
primers via a temperature gradient PCR (SimpliAmp Thermal Cycler, Thermo Fisher
Scientific, Waltham, MA, USA) with control DNA extracted from big bluestem
(Andropogon gerardii) and mealworms (Tenebrio molitor). Final PCR thermal profiles
were specific to each primer set (Table 4.2).
I verified for PCR products on a 1% agarose gel stained with ethidium bromide
(UVP BioDoc-It UV Transilluminator Imaging System, Analytik Jena US LLC, Upland,
CA, USA, with program LabWorks, Ultra-Violet Products Ltd., Cambridge, UK). The
amplification was deemed successful if a band occurred within the expected base pair
range. Products of each primer were pooled by individual animal into a 20 µL volume in
the ratio of 6 µL each of primers UniPlantF and ITS p-4, A49325 and B49863, LCO1490 and Uni-MiniBar-R, and 2 µL of 1391F and Eukbr. The primer set of 1391F and
Eukbr was reduced to decrease the number of reads, which may occur from gut bacterial
DNA. Pooled primer volumes were cleaned up using a PCR clean-up kit (Zymo
Research, Irvine, CA, USA). A set of 20 unique barcoding primers, 8 forward (one for
each row) and 12 reverse (one for each column), were added to the 96 well plate
containing the pooled samples. Barcodes were amplified with PCR thermoprofile 95° for
2 min, 35 cycles of 95° for 30 sec, 55° for 30 sec, 72° for 1 min, and with a final
extension of 75° for 5 min. After PCR, all barcoded samples were pooled to create a
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library. A PCR clean-up Kit (Zymo Research, Irvine, CA, USA) was used on a 200 µL
subsample of the vortexed and pooled library. Pooled library quantification occurred
using a broad range assay for double-stranded DNA on a Qubit 3.0 fluorometer. A 10
mM concentration with a final volume of 30 µL was submitted to University of North
Dakota’s School of Medicine and Health Sciences Genomics lab for Illumina sequencing
using a MiSeq Reagent Kit v2 (600 cycles).
Sequencing
Illumina sequences were merged (-fastq_mergepairs) using USEARCH software
(version 11, Edgar 2010) and custom Python scripts (Python Software Foundation).
Sequences were then demultiplexed by primer set (-fastx_demux), trimmed to the length
of each primer (-fastx_truncate), filtered (-fastq_filter), dereplicated (-fastx_uniques), and
cleaned of chimeras (unoise3) and finally pooled. Sequences ≥ 5 or more reads within a
stomach were tallied as present and included for further analysis, sequences with < 5
reads were removed. Pooled sequences were blasted against National Center for
Biotechnology Information (NCBI) using the Basic Local Alignment Search Tool
(BLAST) with a specification of a > 80% match across its length at a minimum identity
of 98%. Sequences matched to bacteria, viruses, pathogenic fungi, endoparasites,
ingested ectoparasites, or other microorganisms too small to be targeted for ingestion
were removed. Sequences matched to peanuts (Arachis hypogaea), oats (Avena sativa),
beef (Bos taurus), pig (Sus scrofa domesticus), or human (Homo sapiens), were regarded
as bait or environmental contaminants and removed from downstream analyses. The
remainder of sequences were categorized as diet and were from the orders: Araneae,
Artiodactyla, Asparagales, Asterales, Blattodea, Coleoptera, Crassiclitellata, Diptera,
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Hemiptera, Hymenoptera, Isopoda, Ixodida, Lepidoptera, Mantodea, Neuroptera,
Odonata, Opiliones, Orthoptera, Poduromorpha, Raphidioptera, Rhynchobdellida,
Rodentia, Trichoptera, and Unionida. These sequences were compiled into
presence/absence matrix by individuals within species and then diet sequences were
combined for all individuals within a species to make a presence/absence matrix for
species within the site. Both matrices were used for further analysis.
Data analysis
Analysis was divided into microhistological and genetic. Because of a single
capture, S. hoyi was only included in the final hierarchical clustering analysis based on
presence and absence of diet items. Within microhistological measurements I used a
multivariate analysis of variance (MANOVA) to compare proportion of invertebrates
consumed among species. I also used a MANOVA to compare proportion of arthropod
life stage among species. From the genetic sequences, data analysis was first performed
within species and then among species.
To compare diet characteristics within and among species, I used program
SDRSimplex, which partitions compositional differences among elements in a
presence/absence matrix in simplex space (Podani and Schmera, 2011). SDRSimplex
completes pairwise comparisons among all observations in the matrix. For each pairwise
comparison, the program calculates three main values, and three secondary values,
derived from Jaccard’s similarity index. Although Podani and Schmera (2011) explain
SDRSimplex in depth, it is warranted to provide a brief synopsis of the metrics. These
calculated values are similarity (S – the number of diet sequences present in both
individuals), richness difference (D – the difference in the count of diet sequences found
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in either individual), and species replacement (R – number of sequences found in one
individual but not the other individual). In pairwise comparisons of diet, the values of S,
D, and R are derived from equations based on three values: the number of diet items
found in both individuals being compared (a), the number of diet items found only in the
first individual (b), the number of diet items only found in the second individual (c) and
values a + b + c = gamma diversity. Similarity of diet is S = a / n, richness difference is D
= |b – c| / n, and species replacement is R = 2 min (b,c)/n. A tripartite score (S, D, R)
where S + D + R = 1 is generated for each pairwise comparison. In addition to SDR,
three secondary measurements can also be calculated, which are beta diversity, richness
agreement (A), and nestedness (N). Beta diversity (β) is the number of species shared by
each individual but not by both, β = (b+c) /n. Richness agreement is the difference in
richness of individuals, A = (n - |b-c|) /n. Nestedness is the number of diet items found in
one individual, which are a subset of the other individual, N = (a + |b-c|) /n. After
calculation in program SDRSimplex, SDR values are output in a simple text file. The text
file was uploaded to program SYN-TAX 2000 (NonHier, Podani, 2001) to visualize the
values in simplex space. The SDR plot, which pairwise results are plotted on, represents
absolutes where if a comparison scores 1.0, it would be plotted on the corner with the
corresponding metric. Similarity (S) is in the bottom right corner, richness difference (D)
in bottom left corner, and species replacement (R) in top corner. The lines connecting the
three points represent the secondary measurements where richness agreement represented
by the line connecting S – R, nestedness by the line connecting D – S, and beta diversity
(β) by the line connecting D – R.
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Following diet analysis within species, I used the original by individual and by
species presence/absence matrices to compare dietary patterns among species. Using the
original by individual presence/absence matrix, I visualized relatedness of individual
small mammal diets using program R (hclust) to generate hierarchical clustering based on
Euclidean distance (method Canberra) and then visualized as a dendrogram with package
dendextend (Galili, 2015). Finally, using the by species presence/absence matrix, I
visualized species relationships with a hierarchical clustering dendrogram using package
dendextend in program R.

Results
Microhistological
Proportion of insect (F4,89 = 4.40, p < 0.01) diet material differed among species
(Wilk’s Lambda F12,230.47 = 2.21, p = 0.01), while proportion of plant (F4,89 = 1.96, p =
0.12) and other (F4,89 = 1.96, p = 0.12) diet material was similar. Z. hudsonious (81.69 ±
0.12) consumed less insect material than Peromyscus spp. (99.59 ± 0.00), S. arcticus
(99.93 ± 0.00), S. cinereus (99.98 ± 0.00), or S. haydeni (98.99 ± 0.00). Within the insect
material, the proportion of larvae was similar among species but the proportion of pupae
(F4,88 = 3.08, p = 0.02) and adult (F4,88 = 5.40, p < 0.01) insect material differed among
species (Wilk’s Lambda F12,227.83 = 2.84, p < 0.01). Peromyscus spp. and Z. hudsonious
consumed more pupae than S. cinereus, S. arcticus, and S. haydeni (Fig. 4.2). S. cinereus,
S. arcticus, and S. haydeni consumed more adult insect life stage than Peromyscus sp.
and Z. hudsonious (Fig 4.2).
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Genetic
I matched 807 diet sequences to NCBI. These sequences were attributed to 24 orders
with most attributed to Lepidoptera (47.34 %), Diptera (22.55 %), Coleoptera (13.26 %),
and the remaining 16.85% to a combination of 21 other orders (Fig. 4.3). Seven of the
matched sequences were found in all small mammal species including two matched as
milkweed leaf beetle (Labidomera clivicollis), spotted asparagus beetle (Crioceris
duodecimpunctata), yellow woolly bear (Spilosoma virginica), buffalo treehopper
(Stictocephala bisonia), ground spider (Zelotes sp.), and thirteen-lined ground squirrel
(Ictidomys tridecemlineatus).
Richness difference (D) varied among individuals within a small mammal species
(see Table 4.3 for average number of diet sequences). Peromyscus spp. and Z. hudsonious
differed more in the number of diet sequences whereas the three Sorex spp. were more
constant in the number diet sequence (Table 4.4; Fig. 4.3). Similarity (S) among diet
sequences was low among all individuals within each species (Table 4.4; Fig. 4.3).
Notably, Z. hudsonious exhibited extremely low similarity among individuals. In all
species, roughly 80% of diet sequences only occurred in one stomach (Table 4.3).
Replacement (R) of diet sequences was variable with Sorex spp. exhibiting the highest
replacement and Peromyscus spp. and Z. hudsonious exhibiting the lowest replacement.
Beta diversity (β) was high in all species indicating low numbers of diet sequences found
in pairwise comparisons. Of the small mammal species, Z. hudsonious exhibited the
highest beta diversity (Table 4.4; Fig. 4.3). Nestedness (N) varied among species. Both
Peromyscus spp. and S. haydeni exhibited the highest nestedness while Z. hudsonious
exhibited the lowest (Table 4.4; Fig. 4.3). Most small mammal species exhibited a
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moderate perfect gradient (A). S. arcticus exhibited the highest perfect gradient
indicating this species has consistent diet sequence composition overlaps and similar
richness of diet sequences between individuals (Table 4.4; Fig. 4.3).
Diet sequences were matched to three main orders, Lepidoptera, Diptera, and
Coleopter and the mean proportion of these orders differed among species (Wilk’s
Lambda F12,230.47 = 4.37, p < 0.001; Fig. 4.4). Coleoptera (F4,89 = 7.95, p < 0.001) and
Diptera (F4,89 = 4.50, p < 0.01) differed (Fig. 4.5) while Lepidoptera (F4,89 = 0.98, p =
0.42) and other (F4,89 = 2.19, p = 0.08) did not differ among species.
Overlap of diet sequences varied among species (Fig. 4.6). S cinereus shared the
greatest number of diet sequences with other species including Peromyscus spp. (n = 25),
Z. hudsonious (n = 29), S. arcticus (n = 12), and S. haydeni (n = 6). Z. hudsonious also
shared (n = 14) diet sequences with Peromyscus spp. (Fig. 4.6). All other pairs of species
had few (n < 5) diet sequences in common. Notably both Peromyscus spp. and S.
cinereus had > 200 diet sequences specific to the small mammal species and not shared
among other species (Fig. 4.6).
Using the presence/absence matric of diet sequences, hierarchical cluster analysis of
diet dissimilarity among individuals using, an UPGMA dendrogram, shows ten main
clades. Two of the clades were simplicifolious and one was bifolious, and all three are
comprised of Z. hudsonius individuals (Fig. 4.7). Three of the clades were comprised of
predominantly S. cinereus, S. arcticus, S. haydeni, and the sole S. hoyi. Two clades were
comprised predominantly of P. maniculatus, and the remaining two clades were a mix of
S. cinereus, Z. hudsonius, P. maniculatus, and S. arcticus (Fig 4.7). This pattern carries
over to a dendrogram at the species level. S. arcticus and S. hoyi were the most similar in
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diet forming a biflolious clade (Fig. 4.8). The additional species were included in
stepwise clade fashion in the order of S. haydeni, Z. hudsonius, S. cinereus, and ending
with the simplicifolious P. maniculatus clade (Fig. 4.8).
Discussion
My results indicate diets of grassland small mammal omnivores and insectivores
are varied. My hypothesis that Peromyscus spp. and Z. hudsonius will consume more
adult insects compared to all Sorex spp., while Sorex spp. will consume more larvae and
pupae than Peromyscus spp. and Z. hudsonius, was not supported. Conversely,
Peromyscus spp. and Z. hudsonious consumed more pupae and less adult insect stages
than Sorex spp. These findings also differed from previous research that recorded insect
larvae to be frequently consumed by S. cinereus (Whitaker Jr, 2004, Whitaker Jr and
French, 1984). Differences in consumption of insect life stages may be due to habitat.
Since there are relatively few descriptions of shrew diets in grasslands, it is possible that
Sorex spp. consumption of adult insects is common in grasslands.
My hypothesis where most prey items would be from the order Coleoptera and
Lepidoptera was partially supported. Diet items of small mammals predominantly fell
into orders Coleoptera, Lepidoptera, and Diptera. My hypothesis where Lepidoptera
would be the most frequent diet sequence for Peromyscus spp. was supported since most
diet sequences of Peromyscus spp. were matched to Lepidoptera. However, my
hypothesis where Coleoptera would be the most frequent diet sequences among Sorex
spp. was not supported. Order Lepidoptera contained the most diet sequences for all
Sorex spp. My hypothesis where order Poales would contain the most diet sequences for
Z. hudsonious was not supported. Unlike previous studies which reported Z. hudsonious
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diets being comprised mainly of Cyperaceae spp. and Poaceae spp. (Sheldon, 1934,
Wright and Frey, 2014), I found that the diet sequences from Z. hudsonious were mainly
matched to insects.
My hypothesis where Peromyscus spp. and Z. hudsonious would be more similar
in diet and Sorex spp. would be similar in diet was not supported. P. maniculatus and Z.
hudsonius only had 14 diet sequences in common. Both Z. hudsonius and P. maniculatus
shared more diet items with S. cinereus. My hypothesis where Sorex spp. diets will
overlap was also not supported with 12 or less diet items shared between S. arcticus, S.
cinereus, and S. haydeni, indicating these species may exhibit some diet partitioning.
Grassland small mammal omnivores and insectivores clearly have wide diets
based on the number of diet sequences found in each individual (3 – 61 items), however
the average diet items by species ranged from ~15 – 18 diet items. Coprophagy likely
explains why some individuals were found to have three times as many diet items as the
average. Rodents and shrews are known to re-ingest fecal matter to reclaim nutrients
released in hind-gut fermentation (Bo et al., 2020, Altuna et al., 1998, Hirakawa, 2001).
Immigrating white-footed mice are also known to consume a wider range of diet items
compared to resident mice (Tardif and Gray, 1978). Energy requirements may affect food
consumption. Pregnant or lactating females require more energy (Baar and Fleharty,
1976) as do species with high metabolism (i.e., Sorex spp.). Many of the diet sequences
were from small organisms including fruit flies (Drosophila spp.), white flies (family
Aleyrodidae) and other such Dipterans. Shrews especially have high metabolic rate
(McCay and Storm, 1997, Morrison et al., 1959) and forage for small prey by searching
the ground detritus rather than digging for invertebrates under then soil surface (Pernetta,
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1977, Churchfield and Sheftel, 1994, Churchfield et al., 1999). Ultimately, it is beneficial
for small mammals to eat many small, readily available prey instead of hunting for larger
arthropods (Pianka, 1969, Churchfield, 2002). Interestingly, over half of the stomachs (58
of 95) contained diet matched to mammals other than those captured during this study.
They included thirteen-lined ground squirrel (Ictidomys tridecemlineatus), Richardson’s
ground squirrel (Urocitellus richardsonii), pocket mice (Chaetodipus sp.), and whitetailed deer (Odocoileus virginianus). These species could result from unintentional
ingestion of fecal matter or hair, intentional ingestion of fecal matter or hair, or
unintentional ingestion of blood by consuming a hematophageous arthropod. Both I.
tridecemlineatus and U. richardsonii are rodents that make extensive burrowing systems,
which may provide commensalism housing for small mammals. Burrows of the closely
related Franklin ground squirrel are known to be used as nesting sites and refuge from
predators for Meadow voles (Microtus pennsylvanicus), white-footed mice (Peromyscus
leucopus), deer mice (P. maniculatus), shrews (Cryptotis spp., Blarina sp., and Sorex
sp.), and jumping mice (Zapus sp.) (Polder, 1965). Additionally, M. pennsylvanicus, P.
leucopus, and short-tailed shrews (Blarina brevicauda) have been found in higher
abundance around and in some instances inside burrows of woodchucks (Marmota
monax) (Swihart and Picone, 1995). Frequent use or nesting within ground squirrel
burrows may cause the unintentional ingestion of fecal matter or hair of I.
tridecemlineatus when grooming. Ingestion of fecal matter, directly or indirectly, is
another plausible explanation mammals were detected in diet sequences. Intentional
ingestion occurs via coprophagy while unintentional ingestion could occur through the
consumption of saprophagous or coprophagous arthropods which are attracted to fecal
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matter. Interestingly, only three of the diet sequences were matched to dung beetles
(Coleoptera: Scarabaeidae) which follows previous literature reviews where the
consumption of dung beetles is a rare occurrence (Young, 2015). Hematophagy is another
possible explanation for the presence of mammals as diet items. Blood meals taken by
Diptera can retain host DNA (Reeves et al., 2018). Diptera may rest in foliage after a
blood meal to allow for digestion and therefore become prey to a foraging small
mammal.
Caution should be used in how my analysis is interpreted because of detection
bias. Many diet sequences were matched to organisms that are carnivorous, for example
spiders (Araneae), beetles (Coleoptera), mantids (Mantodea), dragonflies (Odonata), and
harvestmen (Opiliones). It is possible some matched diet sequences in small mammal
stomachs were due to being present in insect stomachs. However, the likelihood of DNA
being conserved through two different digestive processes is low. Identification of
mosquito feeding host via DNA was successful 17.5 – 92% with variation dependent on
mosquito species and stage of blood meal digestion (Martínez-de la Puente et al., 2013).
Although volume of ingested diet item or a count of how many of the same diet items
were consumed could be beneficial, my research also only identifies the presence of a
diet sequence. Proportion of stomach with a diet sequence may provide importance of a
food item to a species since it provides how many individuals are choosing the same food
to eat.
Previous phylogenetic analyses clearly indicated the need to definitively separate
what was commonly deemed S. cinereus into S. cinereus and S. haydeni (Stewart et al.,
1993, Stewart and Baker, 1997) albeit the two species were separated in 1980 by
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morphological traits (Van Zyll de Jong, 1980). The genus Sorex revision was most
recently corroborated using two mitochondrial genes, cytochrome b, and nicotinamide
adenine dinucleotide dehydrogenase 4 DNA sequences (Fumagalli et al., 1999). Because
of their similar morphology, these species are often differentiated through genetic
techniques (Brunet et al., 2002). Although the phylogenetic separation was clear in the
species revision, it was still unclear to what extent they differ in their resource use given
their high morphological and ecological overlap. My data suggests S. cinereus and S.
haydeni may demonstrate resource partitioning since the two Sorex only had six diet
sequences in common.
Since my data suggest insects are a staple in small mammal diets, future studies
may want to consider the connection of small mammal diets, diversity of arthropods, and
plant community structural complexity. Especially since food availability in an
environment can drive consumer choice (Emlen 1966). Generally, plant communities,
which have diverse structures, are found to have greater diversity within their arthropod
communities (Brose, 2003, Dennis et al., 1998, Lawton, 1983). However, in some cases
other environmental factors (i.e., soil moisture) are more important indicators of
arthropod community diversity over plant community complexity (Wenninger and
Inouye, 2008). Since plant communities are spatially heterogenous, another possible
research question would be to investigate if the dissimilarity in small diets is linked to the
environment spatially, for example if small mammals are captured far in distance are they
far apart in diet?
As grasslands continue to be degraded on every continent (Gibson, 2009) it is
imperative we understand how those changes will affect food webs. Additionally,
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information for the management of species of conservation priority such as Sorex
arcticus and S. hoyi for North Dakota stems from a better understanding of their ecology
and resource needs. My study has shown DNA metabarcoding of small mammal diets can
be used to identify ecologically important dietary items and can be used compare feeding
ecology among species.
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Table 4.3. Summary of diet items found in six grassland small mammal omnivore and
insectivore species. Total is the number of unique diet items found across all stomachs in
the species, single occurrence is the number of unique diet sequences, which occurred in
only one stomach, and mean richness (± SE) is the average number of unique diet
sequences found across stomachs within a species.
Species
(n = # of stomachs)
Peromyscus spp.
(n = 41)
Zapus hudsonius
(n = 11)
Sorex cinereus
(n = 30)
Sorex haydeni
(n = 6)
Sorex arcticus
(n = 6)

Total

Single occurrence

Mean richness ± SE

365

289 79%

15 (± 0.27)

152

120 79%

17 (± 1.63)

339

279 82%

18 (± 0.08)

110

88 80%

22.5 (± 2.06)

77

66 86%

16.5 (± 1.19)
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Table 4.4. Output values of similarity (S), richness difference (D), species replacement
(R), beta diversity (β), nestedness (N), and gradient (A). Values are a mean of pairwise
comparisons among individuals in SDRSimplex program Peromyscus maniculatus (n =
41), Zapus hudsonius (n = 11), Sorex cinereus (n = 38), Sorex haydeni (n = 6), and Sorex
arcticus (n = 5).
Species
Peromyscus sp.
Zapus hudsonious
Sorex arcticus
Sorex cinereus
Sorex haydeni

S
9.63
1.85
10.15
8.01
13.24

D
50.15
49.98
24.36
36.63
32.91

R
40.21
48.17
65.49
55.36
53.85

β
90.37
98.15
89.85
91.99
86.76
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N
47.62
22.54
34.51
40.83
46.15

A
59.78
51.83
75.64
63.37
67.09

Figure 4.1. Map of Oakville Prairie, Grand Forks County, North Dakota, USA. Dots
indicate permanent gridded survey points. Random selection of permanent points
occurred yearly where + indicates points sampled summer 2018. Shading of units
indicates year it was last burned.
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Figure 4.2. Proportions of life stages of arthropod items identified with microhistological
analysis for deer mice (Peromyscus maniculatus), meadow jumping mice (Zapus
hudsonius), masked shrew (Sorex cinereus), and across three shrew species (Sorex
arcticus, S. haydeni, and S. hoyi). Diet items taken from captured small mammal
stomachs. Captures occurred in 2018 near Emerado, ND, USA.
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Peromyscus spp.

Z. hudsonius

S. cinererus

S. haydeni

S. arcticus

Figure 4.3: Similarity (S), richness difference (D), and species replacement (R) simplex
by species with S in bottom right corner, D in bottom left corner, and R in top corner.
Lines connecting corners represent beta diversity (β), nestedness (N), and gradient (A).
Points are an outcome from pairwise comparisons among individuals in SDRSimplex
program where Peromyscus maniculatus (n = 41), Zapus hudsonius (n = 11), Sorex
cinereus (n = 38), Sorex haydeni (n = 6), and Sorex arcticus (n = 5).
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Figure 4.4. Proportional comparison of the 24 orders and 807 unique diet sequences
found in small mammal stomachs. Most diet items were attributed to the Orders
Lepidoptera (47.34 %), Diptera (22.55 %), and Coleoptera (13.26 %). Other orders
included: Araneae, Orthoptera, Hemiptera, Asterales, Hymenoptera, Mantodea, Ixodida,
Poduromorpha, Rodentia, Crassiclitellata, Odonata, Trichoptera, Artiodactyla,
Neuroptera, Raphidioptera, Asparagales, Isopoda, Opiliones, Rhynchobdellida,
Blattodea, and Unionid. Small mammal species are on x-axis followed by (number of
orders:number of unique diet sequences).
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Figure 4.5. Mean proportion of diet sequences matched to orders Coleoptera and Diptera
in small mammal stomachs. Small mammal species labeled with different letters are
significantly different (p < 0.05 by what test?).
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Figure 4.6. Venn diagram of number of diet items consumed by mice (Peromyscus spp.),
meadow jumping mice (Zapus hudsonius), arctic shrew (Sorex arcticus), masked shrew
(S. cinereus), and Hayden’s shrew (S. haydeni). Abbreviated names are indicated by the
first three letters of genus and species respectively. Number of unique diet items
consumed by the species are closest to the species name. Numbers in compartments made
by overlapping ovals indicate similar diet items shared by species.
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Figure 4.7. Using a presence/absence matrix of diet sequences by small mammal species,
unweighted pair group method with arithmetic mean dendrogram via group average clustering
showing amount of dissimilarity among small mammal species taken from Grand Forks County,
USA. Clades with nodes near the bottom of the graph (low dissimilarity) are more similar in diet
than clades with nodes near the top of the graph (high dissimilarity). Species compared in
analysis are Sorex hoyi (SOHOY), Sorex arcticus (SORARC), Sorex haydeni (SORHAY),
Peromyscus spp. (PEROSP), Sorex cinereus (SORCIN), and Zapus hudsonius (ZAPHUD).
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CHAPTER 5

FUTURE DIRECTIONS

Grasslands in North America have been extensively transformed and are projected to
experience pressures from climate change, losses to development, fragmentation, and invasion
by nonnative species. Small mammals can be indicators of changes in ecosystem integrity
resulting from these grassland transformations (Avenant, 2011), yet much is still not known
about their ecology within grasslands. It was through research aimed at better understanding
grassland ecology I was introduced to small mammals within eastern North Dakota grasslands.
Using traditional techniques in field biology coupled with advancements in metabarcoding, I was
able to add to the knowledge on the ecology of grassland small mammals.
In this dissertation, I explored several facets of small mammal communities. I
investigated spatial and temporal changes in community metrics and how locally abundant
species responded to habitat variables. I also observed unique phenotypes in two frequently
captured species and investigated diets of six species of omnivores and insectivores. In this
epilogue, I outline conclusions I made regarding the habitat and resource use of the small
mammals I studied. I also describe future research directions for additional data I collected over
the duration of my research.
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Eastern North Dakota small mammal communities
My findings regarding the small mammal communities of Eastern North Dakota, as
described in Chapter 2, were not surprising given my previous research in the region. However,
my study indicated presence or absence of small mammal species was not solely explained by
microhabitat changes. For the study in Chapter 2, I concentrated on the four most abundant
species and looked at their microhabitat responses in the year of their highest capture. Although I
was aiming to assess community use of grasslands, I cannot ignore that Microtus pennsylvanicus
were the drivers of total community abundance due to their high number of captures. Because of
their robust captures in multiple years and units, I would like to further investigate their spatial
and temporal microhabitat responses. This expands on my previous objectives in chapter 2 by
adding a spatial component to the analysis. I would model M. pennsylvanicus microhabitat
response by unit for years 2018 and 2019. I hypothesize the microhabitat variables, which define
M. pennsylvanicus occurrence, will vary spatially and temporally. Specifically, I hypothesize, in
the northern units (e.g., units A and B), M. pennsylvanicus will be associated with increased litter
depth while in the southern units (e.g., F and G) they will be associated with increased visual
obstruction (VOR). This differs from the results in chapter 2 where 13 of 14 models included an
association with VOR and no models included litter depth. Temporal variation of plant
community, between 2018 and 2019, was partially due to two prescribed fire events. For 2+
years following fire, vegetation composition and structure continue to change due to
precipitation, competitive interaction among vegetation species, length of growing season, and
accumulation of dead plant material reducing available sunlight to growing plants (Barber et al.,
2019). I would hypothesize the microhabitat variables M. pennsylvanicus are associated with
would differ in growing seasons pre- and post-fire.
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My summary of the small mammal community at Oakville Prairie, my assessment of
which microhabitat variables explain Peromyscus spp., Zapus hudsonius, and Sorex cinereus,
and which microhabitat variables explain M. pennsylvanicus spatially and temporally will likely
be submitted to the journal Mammal Review which is dedicated to covering ecology,
conservation, management, biology, and other topics of mammals.
Genetic basis of melanism mutation
My discovery of melanistic M. pennsylvanicus and Peromyscus spp. at Oakville Prairie,
discussed in Chapter 3, has generated several additional research questions. I submitted a
manuscript based on this chapter to The Canadian Field Naturalist and a reviewer queried as to
whether or not these subadults would remain melanistic (true melanism) or molt and attain
normal pelage over time. To address this query, I am investigating whether known melanism
related mutations exist in all of the captured melanistic individuals. In Peromsycus spp., there are
three known mutations: one causing a 125bp deletion on exon 2 of the Agouti protein, a stop
codon in exon 3 resulting in the deletion of exon 4, or a 24bp deletion on the Mc1r receptor, all
resulting in the same phenotypic mutation (Kingsley et al., 2009). Through genetic sequencing,
via Sanger sequencing method, I will determine which mutation the captured melanistic
Peromyscus spp. has. Sequencing of the melanistic M. pennsylvanicus allows for comparison to
mutations found in Peromyscus spp. or if they possess novel mutations. Melanism is rarely
observed in wild M. pennsylvanicus or Peromyscus spp. populations, therefore all results are
important contributions to our understanding of phenotypic variation in these populations. Once
mutations are identified, the original field observations of wild melanistic captures in M.
pennsylvanicus and Peromyscus spp. will be resubmitted to The Canadian Field Naturalist. To
my knowledge, melanism in M. pennsylvanicus has never been described at the genetic level.
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The genetic sequencing of melanistic M. pennsylvanicus with comparison to wild type (Agouti)
voles will be submitted to the journal Molecular Ecology.
Diet of a small mammal herbivore
Diets of small mammal omnivores and insectivores was a topic I was originally aiming to
investigate at the outset of my dissertation research. It was through the flexibility of my advisor
and willingness of Dr. Darby to teach me molecular methods it was even possible. Diets of small
mammals is vital to understanding the community ecology of small mammals. While I was only
able to devote time to analyzing one trophic level, I did collect diet information on M.
pennsylvanicus as well.
Microtus spp. are often the dominant herbivore in their habitats, accounting for more than
90% of the total small mammal biomass (Pruitt, 1968). Their selective consumption of legumes
and grasses can decrease functional group richness ultimately shifting plant community
composition and structure (Howe et al., 2002) which in turn may affect the presence and
abundance of other grassland animals. In previous studies, specific diet items were often
identified indirectly through the reporting of visual observations of plants consumed by Microtus
in the wild (Hambäck et al., 2002), cafeteria experiments (Hjältén et al., 1996, Marquis and
Batzli, 1989), or experimental enclosures where choices of plants, which were consumed, were
tracked (Howe et al., 2006, Howe et al., 2002).
When stomach contents were collected, identification of diet relied on micohistological
techniques. Fragments in Microtus diets were often too small to identify to species (Batzli and
Pitelka, 1971). Using a newer, DNA barcoding approach would provide more detailed resolution
than the previous micohistological techniques. I captured more M. pennsylvanicus than any other
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species during my studies (see chapter 2). M. pennsylvanicus is primarily thought to be an
herbivore. Regardless, to ensure all diet items were sequenced, I used four sets of primers to
identify diet components from 95 stomachs collected in 2019. Two primer sets were specific to
plants including UniPlantF and ITS p-4, which targets the internal transcribed spacer 2 region of
nuclear DNA (Moorhouse-Gann et al., 2018, Cheng et al., 2016, Castle et al., 2020) and A49325
and B49863, which targets the trn L (UAA) region of chloroplast DNA (Taberlet et al., 2007).
Unfortunately, because of processing delays, I was unable to analyze sequences within the
timeframe of my original research. In the future I intend to analyze M. pennsylvanicus diet
sequences like I did for omnivores and insectivores in Chapter 4. The difference would be
instead of comparing among species I would compare diets spatially (among units). Both the
research in Chapter 4 and the M. pennsylvanicus diet research would be suitable for submission
to the journal Molecular Ecology.
Small mammal microbiota
Bacteria, viruses, and fungi associated with external and internal surfaces of an organism
are known as microbiota (Hooper and Macpherson, 2010). This microbiota benefits the host by
regulating immunity, providing defense against pathogens (Kamada et al., 2013, Savage, 1977,
Atala, 2018), and, when internal, aid in digestion (Rosenbaum et al., 2015). Understanding the
microbiome in wildlife can help aid in the conservation of threatened or endangered species
(West et al., 2019, Guo et al., 2020) or understand the adaptability of individuals to a changing
environment (Shapira, 2016). Relatively few studies have gone to understand microbiota of small
mammals.
While identifying diets of Peromyscus maniculatus, Zapus hudsonius, Sorex cinereus,
Sorex haydeni, Sorex arcticus, Sorex hoyi, and Microtus pennsylvanicus, I obtained sequences of
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microbiota within the stomachs. Other small mammal studies have found microbial communities
differing by habitat (Maurice et al., 2015, Ren et al., 2017), and among families. In a Lithuanian
study, the microbial community of Microtus was almost twice that of mice (Apodemous) and
Sorex (Knowles et al., 2019) with the suggestion diet breadth drives the richness of the
microbiota. With the diet and microbial sequences obtained, I should be able to answer the
following questions: 1) Does the microbial community differ among species and 2) Does the M.
pennsylvanicus microbial community differ with location and habitat structure at Oakville
Prairie?
Small mammal parasite associations
Wildlife populations can be significantly impacted by parasites (Hudson et al., 1992,
Hudson et al., 1998). I collected endo- and ectoparasites from small mammals over the four years
of my study. These parasites included ticks (order Ixodida), fleas (order Siphonaptera), mites
(class Arachnida), parasitic flatworms (class Trematoda), tapeworms (class Cestoda), and
nematodes (phylum Nematoda). Probably the most interesting parasites collected were
nematodes from S. cinereus and S. haydeni. Very little information is available on the stomach
parasites of these species. My aim would be to identify the nematodes genetically using Sanger
sequencing. If the nematodes are identified as a new species, they will be described and have
their genetic sequence submitted to NCBI for public access.
Broader impacts
Within eastern North Dakota grasslands, I collected 11 species of small mammals that
interact with both the biotic and abiotic components of their habitat. Because of their direct and
indirect effects on grassland community ecology, the results of my research assist in better
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understanding the food webs that exist at Oakville Prairie. This is especially important as
grassland communities need to exhibit adaptability with the continued pressure from climate
change, loss of landscape connectivity, and displacement of native plants by invasive plants.
Since small mammals are dependent on the plant community, understanding their relationships
and range of tolerances provide insight as to how well local food webs may adapt to grassland
change.
Beyond small mammals
Several observations have influenced areas I would like to pursue following my
dissertation research. The first observation was of mollusk shells (both bivalves and gastropods)
in the soil mounds created by burrowing small mammals. The second observation was finding a
gastropod shell in the stomach of a small mammal during dissection. After attempting to research
gastropod distribution with eastern North Dakota and western Minnesota I realized much is not
known about terrestrial gastropods. Another observation was watching carrion beetles (family
Silphidae) locate and try to bury small mammals. Often, I would find more than one morphotype
of carrion beetle trying to move the small mammal. Few of these interspecies interactions have
been documented. This ties into a much larger concept that we still do not understand much of
the ecology for many species with local distributions including diet, distribution, habitat variable
tolerances, parasites, and community interactions. With University of North Dakota being
located close to the transition of conifers in the Boreal Shield, aspen parklands, mixed deciduous
forests, and eastern broadleaf forest I am very interested to query how small mammal community
dynamics shift as these habitats transition from one to another.
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